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ABSTRACT

A promising way of developing new fiber forming materials is by utilization of
polymer blends. The morphology of polymer blends has a significant effect on the
properties of the resultant fiber. Morphological studies have shown that immiscible
additives remain dispersed in the matrix as suspended droplets and that the droplets are
elongated into fibrils under the action of shear or extensional forces during processing.
The deformability of the dispersed phase is a controlling factor in deciding the resultant
morphology and thereby the fiber properties. We report the results of a study of droplet
deformation in uniaxial elongational flow under non isothermal conditions. A mathematical
model is developed that simulates deformation conditions in fiber spinning. To test our
model, a blend of polypropylene and polystyrene was spun into fibers . The blend
morphology of the fibers is accurately predicted by the proposed model.
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CHAPTER I
INTRODUCTION
Backcround
The versatile nature of polymer blends has made them an object of research for
many years. Thus, polymer blends is a well researched area in polymer science and most
of their properties have been documented (1, 2], and the development of new polymer
blends continues every year.
The properties of polymer blends depend to a large extent on their morphology,
which is mainly controlled by the melt processing conditions. Proper control of these
conditions can lead us to an optimization of the blend properties. Study of the effect of
processing conditions on polymer blend morphology is a relatively new area. Recent work
done in the area of blend morphology in polymer processing [3, 4, 5, 6] has laid a good
foundation for further research.
Polymer blended fibers have been used for some time [7]. The qualitative effects of
the addition of one polymer in another during fiber spinning has been studied to a certain
extent. However, a complete understanding of the phenomena seems to be absent from the
literature. Very few empirical studies have been done and a predictive model of the process
has not even been attempted. The development of polymer blend morphology in fiber
spinning is clearly an area in polymer blend science that has not been sufficiently explored.

Objectives
Our objective in this work is to study the process of melt spinning immiscible
polymer blends particularly with respect to their structure development in the spin line. We
surmised that the structure formation in melt spinning of polymer blends could be predicted
by developing a mathematical model that as a bridge between the limited current theories on
deformation of blends and the existing predictive models describing melt spinning. In the
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present study, we thus report the development of a new model which quantitatively predicts
the morphology of fibers melt spun from polymer blends of selected compositions as a
function of processing parameters. An experimental verification of the predictive model is
reported by studying the fiber morphology.

Dissertation Or&anization
In the following chapters, the basic issues of fiber melt spinning and polymer
blends are reviewed, experimental procedures outlined, results presented and discussed,
conclusions drawn and recommendations made for future research work on the basis of the
present investigation. In Chapter II, the fundamentals of modeling of melt spinning are
reviewed along with relevant aspects of fiber production. Specific issues pertaining to
morphological development in polymer blend processing are highlighted in Chapter ill.
Chapter IV outlines the experimental procedures used along with the development of our
model describing blend morphology. The results obtained are presented and discussed in
Chapter V and conlusions drawn from the results are outlined in Chapter VI. Possibilities
for future work resulting from this project are highlighted in Chapter VII.

CHAPTER II
MELT SPINNING OF POLYMERIC FIBERS
Introduction
Melt spinning is the most prevalent process used to produce polymeric fibers. Its
application is limited to polymers that are thermally stable at temperatures which are
sufficiently high so as to allow high fluidity. Polymers such as polyamides, polyesters,
polyolefins, polystyrene and inorganic glasses are the ones most often used in this process.
The molten polymer is forced under pressure through a spinneret into a gaseous medium
where cooling and solidification of the polymer occurs and the fiber is formed.
The melt spinning process has been subjected to very systematic theoretical
analyses. Heat transfer processes, and the kinetics and dynamics of deformation in the
spin line, together with fiber structure development under various spinning conditions
along the spin line, have been studied experimentally and theoretically [8, 9, 10]. These
studies have made it possible to obtain reasonably accurate solutions to the mathematical
equations describing the spinning process as a whole.
Spinnability of Fluids
Spinnability of a material can be described as its ability to be drawn out into fibers.
A fluid is called spinnable if it is capable of assuming large irreversible deformations when
subjected to uniaxial stress, the measure of spinnability being the maximum attainable
elongation [l 0].
Two mechanisms appear to be responsible in the breakage of fluid threads [ 10].
The first mechanism is cohesive or brittle fracture (Figure 1, page 5). This occurs when
the tensile stress in a polymeric fluid thread exceeds some critical limit, i.e., the tensile
strength of the thread. Polymer fluids are viscoelastic in nature and the elasticity of the
thread plays an important role in brittle failure. An ideally viscous fluid would deform to

4

an infinite extent, all the deformation energy being instantaneously dissipated. In a
viscoelastic material, part of the deformation energy is stored and, upon reaching a critical
value, results in thread breakage. Experimental observations demonstrate that chances of
cohesive failure increase with an increase in the deformation gradient, with increase in the
deforming velocity, and with an increase in the relaxation time of the polymer [10].
The other mechanism of failure is associated with surface tension and the
development of capillary waves on the free surface of a liquid thread. When a fluid thread
is subjected to axial stress, distortions appear in its radius due to surface tension. When the
amplitude of these distortions exceed the radius of the thread, it disintegrates into individual
drops (Figure 2). The quantitative aspects of this theory will be considered in a subsequent
section. Chances of capillary failure increase with decreasing viscosity and with decreasing
deformation velocity.
Both of these mechanisms for thread breakage, cohesive fracture and capillary
instability, can act independently of each other. Under given conditions, that mechanism
which predicts early failure is expected to control the spinnability. In reality, because of the
extreme complexity of the spinning process, the theories of spinnability have a greater
qualitative rather than quantitative significance. Nevertheless, the main factors controlling
spinnability of polymer melts are viscosity and surface tension for capillary instability, and
deformation rate and viscoelastic characteristics of the fluid for cohesive failure.
Spinnability of high molecular weight polyolefins and in particular polypropylene,
whose relaxation times can reach 1 sec [10], is severely limited by cohesive fracture. On
the other hand, cohesive fracture has little effect on the spinning ability of polycondensates
(e.g., PET and polyamides) which have relaxation times on the order of 10 msec.
Capillary instability, on the other hand, is the main problem with polycondensates due to
their higher values of surface tension vis-a-vis that of polyolefins. The lower surface
tension values of polyolefins precludes any possibility of failure by the capillary instability
mechanism.

5
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Figure 1. Cohesive fracture of a liquid jet

Figure 2. Fracture of a liquid jet due to the capillary breakup mechanism

\

---------- ---.
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Rheolof:Y of Polymer Melts
Rheology is the science of deformation and flow. Rheology is a well investigated
subject in its fundamental and experimental aspects. Some monographs are listed in
reference 12 and 13. The main task of rheology is to relate the components of stress to the
kinematics, usually through deformation, and thereby define the type of fluid. The
equations thus obtained are the constitutive equations.
Basic Relations
In discussing the basic relations in rheology, the following notation is commonly
used: stress, crij; strain, yij; and rate of strain

Yij,

each defined with indices i,j = 1,2,3.

Customarily i identifies the plane perpendicular to one of the orthogonal axis whereas j
indicates the direction of stress or rate of strain (Figure 3). In matrix notation, the stress
and strain tensors can be written as,

(j

<r11

<r12

<r13

Y11

Y12

YB

= <r21

<r22

<r23

Y21

Y22

Y23 ·

<r31

<r32

<r33

Y31

Y32

Y33

(2.1)

The rate of strain tensor can be expressed as,
Yij =

dyufdt .

(2.2)

The Equations of Continuity, Momentum, and Energy
The conservation equations of mass (continuity), momentum, and energy are mathematical
formulations of fundamental physical principles and are independent of the nature of the
fluid [13]. Derivation of the all the conservation equations and their expressions in
different coordinate systems can be found in various references [12, 13, 14]. A brief
outline is presented here.
Consider a region in space containing a viscous fluid in motion. The fluid density
p, pressure P, and temperature Tare scalars; its velocity vis a vector; the stress, cr, is a
second rank tensor. Further, consider an arbitrary element of fluid contained within an
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imaginary closed surface. The surface follows the motion of the element but exerts no
forces upon it. The fluid element constitutes a closed system; i.e., a system that can
exchange energy, but not matter, with its surroundings.
The total stress L at any point is the sum of two terms, the stress due to the
hydrostatic pressure, p, and the stress due to the applied force cr. In indiced notation,
= crij + poij ,

Lij

(2.3)

*

where Oij is a unit tensor, whose value is 1 for i=j and O for i j.
The continuity equation,

Dp = -p(v'. v),

(2.4)

Dt

where t represents time, is a mathematical statement of the principle of conservation of
mass. D/Dt represents the substantial derivative with respect to time and V is the
divergence operator.
Newton's second law of motion requires that the rate of increase of momentum of
the fluid element be equal to the sum of the forces acting upon it This is expressed
mathematically by the momentum balance equation

Dv

p - = -VP+[V.cr]+pg,

(2.5)

Dt

where g is a vector representing the resultant of the forces due to the weight of the fluid
mass acting on the fluid at a point.
The first law of thermodynamics, a statement of the principle of conservation of
energy, applied to the fluid element yields the energy balance equation

DT
p Cv-=-(v'.q)Dt

r(Jp)
(V.v)+(cr:Vv),
JT

(2.6)

P

where Cv is the specific heat at constant volume, q is the conductive heat flux vector (the
result of a temperature gradient between two points considered). The last term in equation
2.6 is the tensorial product of the stress tensor, cr, and the velocity gradient tensor V v.
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Flow Fields

Steady State Shear
Simplification of the stress and strain tensors (eq. 2.1) is possible with the
application of specific flow fields. For a material in simple shear flow, the flow is in the
direction 1 and the shear force is actin
considerations and utilizing the conditions of a symmetric stress tensor matrix, cr31
cr32

= cr13 =

= cr23 = 0.

Furthermore, all the elements of the rate of deformation matrix, with the exception of y 12 =
"/2 1 =

y, are zero. One can thus define shear viscosity, 11, and the first and the second

normal stresses, N 1 and N2 in the following manner. The shear viscosity of a fluid, its
resistance to flow, is defined as the ratio between the applied shear stress and the resultant
strain rate.
Using the notation developed earlier,
(2.7)

The first, or primary, normal stress difference, N 1, is defined for simple shear flow by the
difference between the normal stress component in the flow direction 1 and the normal
stress component in the direction of the shear plane 2, whereas the secondary normal stress
difference, N2, is defined by the difference between the normal stress components in
directions 2 and 3:
(2 .8)
(2.9)

9

Vz
Vx+dx

Vy
Vy+dy
z

Vx

~------~Y
X

Figure 3. A fluid element in flow

Vz+dz
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Uniaxial Extensional Flow
For materials in elongational flow the strain and the rate of strain are:

=ln(tJ

E

(2.10a)

and
dE
dt

1 dlnL
L 0 dt

E =-=---

(2.10b)

respectively, where Lo is the initial length of the specimen and L is the length of the
specimen after time t. With the stress acting uniaxially, there are no shear components in
the stress matrix and it can be shown that the off-diagonal elements of the stress tensor are
zero; i.e., <Jij = 0 for i =t: j. Similarly, all the off-diagonal elements of the rate of
1

1

1

deformation tensor are zero. In the diagonal elements £ 11 = E', and, £ 22 = £ 33 = -E'l2.
Using the total stress concept (equation 2.3), Lt 1 = Fl A, L22 = 0, and L3 3 = 0. Fis the
uniaxial extensional force exerted on the sample with a cross-sectional area A
Thus,
1

L 22 =

<J22

+p=0

(2. lla)

so that,
<J22

= -p.

Also, since L

1

11

(2. llb)

= FIA,
+ p,

FIA=

<J11

FIA=

<J11 - <J22-

(2.12a)

so that,
(2.12b)

In accordance with the general definition of viscosity (equation 2.7), the

elongational viscosity can be expressed as :

T\E

L

=-.,

(2.12c)

E

which from eq. 2.12b results in,

T\E

=

(<J11 - <J22)

E'

.

(2. 13)
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Since all the off-diagonal elements are zero in elongational flow, there is no element of
rotation present in these flows as opposed to shear flows . Elongational flow is hence often
referred to as irrotational flow or as a flow without the presence of any vorticities.
Non-Newtonian Effects
The viscosity for a fluid is given by eq. 2.7, where for a Newtonian fluid the value
of 11, the viscosity, is constant. Fluids which have a shear rate dependent value of
viscosity are non-Newtonian fluids.
Non-Newtonian fluids can be either pseudoplastic or dilatant. Fluids for which 11
decreases with increasing cr or y are termed pseudoplastic fluids, while in dilatant fluids, 11
increases with increasing cr or y. Polymer melts are usually pseudoplastic.
The most commonly used expression for pseudoplastic behavior, also known as

--------

shear thinning, is the power law or the Ostwald-deWaele model. In simple shear,

--------cr = K(y')n.

(2.14)

,

K and n are material constants, K is called the consistency index and n the power law
index.

The power law gives the following relation for viscosity:
11 = K(y')n-1.
(2.15)
~
A major drawback of the power law model is that it predicts an infinite value for the
viscosity as the shear rate tends to zero. Most polymer melts, on the contrary, show a
finite and constant (Newtonian) viscosity at very low shear rates.
To better describe polymer melt flow at low shear rates, various empirical or semitheoretical models have been proposed [15]. In the empirical Carreau model [16],
1Jo - 1Joo
(2.16)
1J - 1Jo = [
2 ](1-n)/2 •
l+(.11-y')
where').. is a characteristic time, 1]

00

is a constant viscosity at very high shear rates and llo

is the Newtonian viscosity at zero shear rate.
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A second model, the hyperbolic tangent model [17], is based on the generic shape
of a shear thinning fluid:

1J

= A-Btanh( ~

r

(2.17)

The parameters A, B, k and n are determined from the experimental data.
Such empirical or semi-theoretical expressions have rarely been used for modeling
polymer processes, since the power-law expression, in spite of its inaccuracies at low shear
rates, generally gives a satisfactory description of the flow.
Temperature Dependence
The rheological properties of polymer melts are strongly dependent on temperature.

----

In general, melt viscosities decrease and relaxation times shorten with increasing

.

temperature. The most commonly used expression relating viscosity of a Newtonian fluid
to temperature is the Arrhenius relation
~ =- A_ _
T;..._.

(2.18)

where R is the gas constant, Eis the energy of activation for flow, and A is a coefficient
depending upon the nature of the fluid. The activation energy for the viscosity of low
molecular weight liquids is less than 104 J/mole [15].
The activation energy for polymer melts is much larger and increases with
both
....__
chain · idity and the size of any lateral branches (Table I).
The viscosity of polymer melts changes drastically with temperature. The
Arrhenius equation, developed for low molecular weight liquids, is often considered
inadequate to describe the temperature characteristics of a complex macromolecular fluid. It
is, however, very frequently used for its simplicity and reasonable accuracy.
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Table I. Typical values of activation energy of polymer melts at 100°C above Tg [15]

Polymer melt

Activation energy (104 J/mole)

Polyethylene

2.9

Polypropylene

3.7

Polystyrene

9.6

Poly-a-methylstyrene

13.3
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Viscometric Flows
Different flow geometries can be used to measure the viscosity of Newtonian and
non-Newtonian liquids. The different types of arrangements include flow in a tube

-- ----

-

(capillary rheometry), flow between two parallel discs (parallel late rheometry), flow

-----

between concentric cylinders (Couette rheometry), and flow between a cone and a plate.
.

-----

- - ----..

---

.

The viscosity is obtained through a pressure drop vs. flow rate or a torque vs. angular

---.,

rotation relationship [15].

,..

-

--...:

---

- Capillary rheometry (Figure 4) can be used to obtain data on the capillary flow of

polymer melts. Capillary flow data can be used to obtain the viscosity corresponding to the
shear rate evaluated at the wall.
The shear stress at the wall is [ 15]

MR
a=-w
2l'

(2.19)

where R is the radius and L the length of the capillary, and L\ P is the pressure drop across
the entrance and exit of the capillary.
An apparent shear rate at the wall, 1wa, can be obtained as [15]
"/wa

= QhtR 3 ,

(2.20)

where Q is the volumetric flow rate. The slope of the log-log plot of O"w versus 1wa gives
the power law index n.
The Rabinowitch correction factor, (3n+ 1/n), is used to obtain the corrected or real
shear rate at the wall [15]:

Yw =

3n + 1 _Q_.
n nR3

(2.21)

The viscosity is then evaluated as:

11 =

O"w/1w-

(2.22)

Capillary rheometry, can in general be used for evaluating melt flow properties at shear
rates above around 10 per second; for lower shear rates, parallel plate or cone and plate
rheometry is used.
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Elongational Viscosity
Estimates of the elongational viscosity were first made by Trouton [18]. By
resolution of axial stresses into components of shear and dilation, Trouton determined that
the elongational viscosity is three times the shear viscosity, i.e.,
(2.23)
It has been shown since that work by Trouton that the above relation holds for Newtonian
fluids. The relation is also valid for non-Newtonian fluids , albeit only at low strain rates.
Elongational viscosity has been obtained from various rheological viscoelastic models,

------ -

from which it may be infered that viscoelastic fluids are strain hardening, i.e. that the

~------

elongational viscosity increases with increasing strain rate, e' [12]. Different workers have
reported conflicting results from studies of the relationship between TIE and £

1
•

The results have varied with the type of experiment and the experimental apparatus.
Results reported from melt spinning type of experiments have shown TIE decreasing with
1

increasing £ [19] . However, in these types of experiments the strain rate varied over the
length of the spin line. From constant strain rate type experiments, workers have even
reported a constant TIE, independent of strain rate. It is clear however, that the elasticity of
the melt plays a larger part in extensional flows than in shear flows of the same magnitude

[20].

In the process of melt spinning, at low take-up speeds (less than 350 m/min), the
dependence of elongational viscosity is greater on temperature than on the rate of strain. At
higher take-up speeds, however, the role of the rate of strain becomes more dominant and it
is crucial factor in high speed spinning.
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Melt Spinnin&

In the process of melt spinning, a polymer melt is formed into filaments by forcing
the melt through a plate of holes known as a spinneret and simultaneously applying an
extensional force to the exiting melt. As the melt thins down, it solidifies on cooling
below its melt temperature and transforms into a filament (Figure 5).
Extrusion
Extrusion of thermoplastics consists of the melting and compressing of the polymer
chips as the molten polymer is transported through a long barrel by a, sc~ w: tumin in the
barrel [20] . A;ifupper is used to feed the chips to the barrel through an opening at one end
~

of the barrel. At the other end of the barrel is an orifice for the exit of the polymer melt.
The barrel-screw arrangement is known as the\exiiudaj The screw is turned by a
variable speed drive motor. The most common form of feed hopper used on extrusion
machines is the conical type. Positive feed hoppers are also available, which have a rotating
screw inside the hopper and help in preventing the material from sticking together or
bridging in the feed hopper. Most machines are electrically heated through band heater type
resistance heaters around the barrel. For the prevention of overheating some extruders are
provided with cooling arrangements, which are usually in the form of air blowers placed
below the barrel.

An extruder screw performs four important functions [20].
1. It acts as a material conveyor.
2. It is a compressor. It compresses the feed together, pushing the air back out of
the feed while conveying the mass forward along its axis.
3. It melts the polymer pellets. The melting may occur through positive heat input
across the barrel and through friction and compression of the material.
4. It acts as a metering device. This function is largely taken over by the metering
gear pumps in fiber spinning.
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Figure 5. Schematic of the melt spinning process.
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The screw is conventionally divided along its length into three main sections
according to the functions each section performs, the feed zone, the transition or
compression zone, and the metering zone.
The feed zone essentially conveys the material down the barrel, heating it at the
same time. The feed zone consists of equally spaced channels of the same depth. In the
compression zone there is a gradual increase in the diameter of the root of the screw thread;
i.e., the depth of the channel slowly decreases until it reaches the depth of the final zone.
The compression ratio is the ratio of the depth of the feed zone to the depth at the end of the
compression zone. The compression ratio usually varies between 2 and 4 for most
polymers. The metering zone has a constant cross-section. In this zone melt is sheared to
give melt of uniform composition and temperature.
In addition to single stage extruders described above, alterations very often are

made in screw designs primarily to obtain a more homogeneous output in terms of
temperature and throughput. For example, a two stage, double flighted screw known as
the Maillefer screw is widely used for improved melting. Various mixing elements are
often placed near the metering zone to allow for better homogeneity in the melt. Most of
this description has concentrated on single screw extruders, the primary method of
extrusion for melt spinning; however, twin screw extruders, comprising of two screws in
one barrel are also in use. The screws in a twin screw extruder can be either rotate in the
same direction or in opposite directions, i.e. , either co-rotating or counter rotating. Twin
screw extruders are used mainly for their mixing characteristics in thermoplastic
compounding and also for their property of generating uniform flow without undue heat
generation in the melt, a property useful in the extrusion of heat sensitive materials such as
polyvinyl chloride (PVC).
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Gear Pumps, Spinnerets and Spin Packs
The metering pumps used for the spinning of multifilament yams are positive
displacement gear type pumps. The melt pump has a separate variable speed drive from
that of the extruder. Their metering efficiency is relatively insensitive to minor changes in
pressure differential between the screw pressure (pump _inlet) and the spinneret pack
pressure (pump outlet). This enables them to act as surge controllers, effectively nullifying
any non-uniformities arising in the extruder. The role of the gear pump is critical in melt
spinning because the process is extremely sensitive to any fluctuations. Inspite of the
relatively surge free properties of the gear pump, non uniformities nevertheless arise from
the gear pump itself, adversely affecting the melt spinning process. Factors affecting the
gear pump output has been investigated [26] and it is seen that the non-uniformity arising
out of the gear pump directly affects the fiber properties.
The spinneret is usually a flat plate round or rectangular, flushed or recessed in its
mounting [20]. The individual holes in the plate generally range from 0.1 mm to 1.0 mm,
depending upon throughput rate, melt viscosity and filament size to be produced. The
number of holes in a spinneret may range from a few for monofilaments to few tens for
filament yams to a several thousands for staple fibers [20].
The polymer melt generally contains impurities and pigment agglomerates which, if
allowed to pass into the spinneret holes, rapidly plug the spinneret and make spinning
impractical. The melt has to be filtered, therefore, before it is fed to the spinneret. Many
different types of filters are in use for the filtration process. Filter packs can be metal
screens, sintered metal discs or fine sand packs.
Filament Quenching
As the filaments emerge from the spinneret, they have to be cooled down from the
molten state to form a solid fiber. In the quenching process, previously chilled air is blown
onto the filaments in a chamber below the spinneret known as the quench chamber. Crossflow quench, in which the direction of the cooling air flow is perpendicular to the axis of
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the filament, is the most prevalent method of filament quenching. Of primary importance is
the cooling air velocity. The air has to be evenly distributed in the quench chamber without
any trace of turbulence. Turbulence generated in the air can cause variation in the filament
diameter and even lead to sticking of adjacent filaments. To ensure even laminar
distribution of the air, the air stream is passes through a flow equalization screen. Plates
with a large number of holes or just fine meshes net may be used as equalizing screens.
The volumetric flow and the velocity of the quench air can be varied according to
the needs of the process. The high heat content of polypropylenes [15] requires a lower
temperature of the quench air (13°C - 18°C) in comparison with the spinning of polyamides
and polyesters (-20°C).
Variations of temperature within a filament and from filament to filament are some
of the problems associated with cross-flow quenching. Radial air flow, inwards or
outwards, has been found to eliminate some of these problems and is recommended
especially with large threadlines of 500 to 1000 filaments or more [34] .
Modelin& of the Melt Spinnini: Process
A melt spinning process model is useful in investigating the effect of changes in

-

operating conditions (e.g., spinning temperature, mass flow rate, s inneret capillary
diameter etc.) on the properties of the as-spun filament. The melt spinning process has
been widely studied and a number of mathematical models of the process have been
reported. These include isothermal and non-isothermal models for both Newtonian and
viscoelastic fluids. The models are based on the simultaneous solution of the equations of
continuity, momentum and energy. Denn [21] gives an extensive review of these models.
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Governing Equations
Most early models reported in the literature have made the following assumptions

(8,9,10]:
1. The filament cross-section is circular.
2. The velocity and temperature profile at any axial point is uniform over
the filament cross-section.

3. The temperature dependence of the elongational viscosity is much
greater than the dependence of this viscosity on the elongation rate.
As according to the Kase-Matsuo analysis, to obtain the radius and tern

rature

profiles in melt spinning, one obtains the following simultaneous differential equations,
based on the conservation equations of mass, momentum and energy [8].
From conservation of energy (in cylindrical coordinates),

V dT + dT
z dz
dt

=

2-.fiih' (T-Ta) .

pCP.../A

'

the conservation of momentum,
dVz _ _f_.
dz - TfEA '

(2.24)

(2.25)

and the conservation of mass,

V dA + dA
z dz
dt

= -A dVz .
dz

(2.26)

In equations 2.24 - 2.26, F is the axial tension in Newtons, 11E the elongational viscosity in
Pa-s, tis time in seconds, V z is the axial velocity of the fluid jet in m/sec., A is the crosssectional area of the filament in m 2 and h' is the coefficient of heat transfer. For steady
state operating conditions, the partial derivatives with respect to time are zero. Utilizing the
fact that the mass throughput W is given by, W = VzAzp ,
Eq. 2.24, 2.25 and 2.26 reduce to,
dT
2..Ji"Ah' (T-Ta)

- =- - - - - - - = -

(2.27)

and
(2.28)
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Equations 2.27 and 2.28 are solved simultaneously to compute the radius and
temperature profiles of the filament. The axial tension Fin Eq. 2.28 is an unknown
constant The value of F is generally determined by an iterative procedure to satisfy the
given take-up speed (i.e., one of the boundary conditions). The process has been modeled
by assuming that the force F varies along the spin line and comparisons have been made
with simulations where the force is assumed to be constant [22]. The difference between
the two is found to be not very significant.
The average heat transfer coefficient was measured by Kase and Matsuo [8]. They
measured h' experimentally by subjecting a heated wire 0.2 mm in diameter to air flow
both parallel to the wire and at right angles to the wire, recording the cooling curves of the
wire and finally converting the cooling curves into an empirical relationship for the average
heat transfer coefficient around the filament surface, h'[8]:
h' = (0.4? 3 * l0-4)A-.667W.334p-·334 l +(8~A Vy)
[

2].167

'

(2.29a)

where Vy is the speed of the cross-wise flowing air in m/sec, W is the mass throughput in
kg/sec and pis the density of the sample in kg/m 3. This analysis was extended to
polymeric samples and used to obtain the heat transfer coefficient under similar
circumstances. Kase and Matsuo [8] state the equation 2.29 is valid regardless of the type
of polymer used as long as the filament cross-section is approximately circular. The
relationship so developed was only approximately equivalent to that of a running spin line.
This relationship was found to be inadequate in describing heat transfer in the melt spinning
process, as described by George[22]. George found in his analysis that this relationship
for the heat transfer coefficient yielded velocity and temperature profiles about 25 percent
lower than the actual measured values. He found another relationship describing the heat
transfer processes in the spin line which was derived by measurements made directly on the
spin line.
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The effect of the cross flow quench was accounted for by using Kase's

rr·'

formulation. The relationship was given as,

h'= 1.37 .

10-4(¾)"259[1 +(8~y

(2.29b)

This relationship was essentially of a similar form to that as derived by Kase, however, the
values of the proportionality constants were higher and this accounted for the difference
observed in the measured values.
All the models stated so far have dealt with the spinning of a single filament. A
more realistic multifilament approach is needed to make the model more close to realistic
conditions. Not many multifilament models have been proposed. Dutta [23] proposed a
multifilament model for PET, in which he considered the row-wise variation of quench air
velocity and temperature. Sakiadis [24] considered a boundary layer around each filament
and the effect of overlapping boundary layers. Another model [25] treats the fiber bundle
as if it were a porous anisotropic cylinder. A filtration theory approach is used in that work
to find the relative velocity of air within the bundle.
Due to differential quenching associated with cross flow quench, the temperature
across the spinneret and also within each filament tends to differ by a wide margin. This
radial temperature gradient results in a differentiation of structure and orientation along the
filament radius as well as from filament to filament. Numerical simulation of this
phenomenon is possible and has been performed by using both finite difference and finite
element schemes [40]. Such radial differentiation is seen to increase with increasing
spinning speeds and is shown to affect the fiber properties quite significantly [32].
Measurements using interference microscopy have been performed to measure the radial
variation of birefringence [40].
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Melt Spinnini: Process Instrumentation
The values of the variables in the melt spinning process need to be known at each
point of operation. This enables the process to be run within the optimum conditions for
the production of the desired fiber. Instrumentation is therefore required to read the
variable values. Extrusion variables include melt temperature and pressure, and the screw
and melt pump speeds. Variables specific to melt spinning include all the spin line
~
variables, such as the s
d tern erature of the filament. An important aspect of the
melt spinning instrumentation is the ability to monitor the variable values.
On-line monitoring of process variables enables one to constantly monitor, record
and analyze data. Electrical signals from the instruments are usually fed to a computer
which can constantly display and record the values. Pressure in the extruder is usually
sensed using a strain gage type pressure sensor. The sensor employs a set of preloaded
resistance wires in a Wheatstone bridge formation and the intial conditions are such that the
bridge is balanced and the voltage output is zero. Application of a small pressure decreases
resistance in two of the wires and increases it in the other two. This leads to a unbalanced
bridge and there is an output voltage proportional to the pressure applied. This form of the
pressure sensor is amenable to process monitoring by feeding the output voltage to the
computer.
The pressure sensor normally used consists of a mechanical diaphragm, the
displacement of which transfers the applied pressure on to the Wheatstone bridge. A newer
version of the pressure sensor employs optical methods to transfer the applied pressure.
The sensor houses input and output optical fibers. Light from an LED passes through the
input fiber and impinges on a movable reflector. It then proceeds via the output fiber to a
photodetector. The intensity of the light sensed by the photodetector is a function the linear
displacement of the movable reflector which in turn is proportional to the pressure applied.
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The main advantage of this type of sensor is its response time which is of the order of I
millisecond. Sensors with the mechanical diaphragm have a response time on the order of
20 milliseconds.
On-line measurements of the spin line are comparatively recent and the reliability of
some of the techniques are questionable. Most of the on-line measurement techniques have
mainly been used in research laboratories and only few seem to be commercially applicable.
The limitations of these techniques for commercial utilization mainly stem from the cost of
the measurement equipment and the nature of the actual measurement technique making it
cumbersome to utilize it in the industry. One of the reasons for utilization in research
laboratories is to test out the application of different process models and check their
validity.
Techniques for the measurement of filament diameter along the spin line have been
extensively described in the literature (35). Early techniques involved diameter
measurement by direct observation via microscope. Vibration of the filament and vision
error were some of the limitations associated with the microscopic technique. An
improvement in the diameter measurement was made by utilizing the Zimmer probe (35]
which was based on the electrooptic back illumination principle. This monitor is seen to

----------

allow for measurement of filament diameter at linear velocities up to 10,000 m/min and
lateral speeds of up to 500 m/min. The output form the diamter monitor is sent to a
microcomputer for data storage and analysis. This allowed for collection of large number
of readings of diameter at each position along the spin line, statistical treatment of data and
poltting of the resulting distribution and profiles (35).
Measurement of filament temperature has been done utilizing an infrared (IR)
sensor. Problems with the accuracy of this measurement have been associated with the
measurement spot size of the sensor. It is difficult to obtain a sensor with a small enough
spot size, so as to focus on the filament and cut out any influence of the surrounding air.
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On-line filament birefringence measurements have been done using a microscope
and compensator technique to obtain an optical retardation [35]. The microscope was
mounted so that it could be moved up and down the spin line for on-line measurements.
The retardation measurement at any position was divided by the diameter as measured by
the diameter monitor to obtain the bireferingence.
Take-up force measurement is easy to implement and is widely accepted in the
industry. Tension sensors of differing types with differing tension ranges have
successfully been used to measure the force in the spin line. Most of the tension sensors
are based on the strain gage principle.
Measurement of filament velocity is carried out by a technique known as Laser
Doppler Velocimetry [36]. This technique is a non-contact method for measuring the speed
of the fiber as it moves through two laser beams that intersect at an angle. A fringe pattern
is formed due to the constructive and destructive interference of the wave fronts of the
light. These interference lines, referred to as fringes, are perfectly parallel only if the wave
fronts are planar. This occurs at the waist of the laser beams (the waist is the position
where the beams have their narrowest width). By varying the position of the lens, the
position of the waist is moved in space. It is necessary to position the the collimating lens
very accurately so the waist of the beams occurs at the center of the depth of field. When a
surface moves through the area where the beams intersect, known as the measurement
volume, light is scattered from small surface irregularities known as scattering sites.
As a scattering site passes through a bright fringe, light is scattered and conversely,
when a scattering site passes through a dark fringe, no light is scattered. The optical sensor
collects this scattered light and converts the Doppler frequency information contained in the
signal and converts the frequency information into a velocity with desired units. The
technique is illustrated in Figure 6, in which the path of the fibers is into the paper.
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There are sources of error that a user has to be concerned about, error in the measurement
of the on-line velocity can creep in due to the effect of temperature and the proper alignment
of the instrument. Temperature can influence both the accuracy and the repeatability of the
system. Most instruments have therefore to be properly calibrated with respect to
temperature before operation. Improper alignment of the instrument can lead to serious
errors in the final measurement values, proper alignment, thus, is a must.
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Figure 6. Optical path illustration of the laser velocimeter

CHAPTERill
POLYMER BLENDS

Introduction
The physical mixture of two or more polymers undergoing a common processing
step is referred to as a polymer blend [1]. Polymer blends have properties which are a
combination of the properties of the constituent polymers. The blend properties are unique
in nature and can be altered, by altering the processing conditions, to satisfy a wide range
of applications. Polymer blends thus hold the potential for being tailor-made for any
particular application. Historically, blending was first used to gain extra performance by
mixing natural rubber with gutta percha to obtain a mixture which could be easily applied
for waterproofing cloth. The growth in the development of polymer blends since then has
been very dynamic. The main reason for the popularity of polymer blends is the ever
increasing cost of the development of new polymers. A complete history of the
development of blends and a list of commercially available blends can be found
documented in various monographs on the subject [1 , 2].
Blends may be classified as miscible or immiscible. For thermodynamic reasons,
most polymer pairs are immiscible. Nevertheless, the degree of compatibility may vary
considerably and this is an important aspect in determining the morphology and the
properties of the mixture. Most of the 'miscible' blends show complete miscibility only
under certain physical conditions; hence, it would be fair to say that the miscible blends are
only partially miscible. The behavior of a completely miscible blend is similar to that of a
homopolymer. The immiscible systems, on the other hand, act like heterogeneous or
multi-phase systems.
The flow properties of a polymer are significantly affected by the addition of an
immiscible additive polymer. The morphology of the blend affects its flow beha · r, and
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conversely, the flow conditions affects the morphology. The rheology and the morphology
of a polymer blend are therefore interdependent. Of primary concern in the rheology of
polymer blends is the deformation of the dispersed phase under the conditions of the
imposed flow.
Blend Miscibility
For any two polymers to be miscible the essential condition is that the free energy
of mixing (AG) has to be negative. If the free energy of mixing can be calculated for all
possible combinations of the mixture of interest, then it becomes possible to calculate the
values of temperature, pressure and composition at which the blend will be miscible. This
relationship is usually expressed in a phase diagram (Figure 7). The polymer pair may
exhibit either an upper critical solution temperature (UCST), i.e., the upper limit of
temperature below which the blend will form a two phase system, or a lower critical
solution temperature (LCST), i.e., the lower limit of temperature above which the blend
will form a two phase system. The UCST is seen as Tc in Figure 7. Mixtures that have
positive (endothermic) heats and entropies of mixing usually tend to exhibit UCST,
whereas mixtures that have negative (exothermic) heats and entropies of mixing usually
exhibit LCST [2].

In the mixture phase diagram (Figure 7), the boundary between the stable and the
metastable compositions is called the "binodal" and the boundary between the metastable
and the unstable compositions is called the "spinodal". The mixture forms a single phase
whenever its composition is outside the range X-Y.
Work in the area of the thermodynamics of polymer blends has revolved around the
development of equations capable of satisfactorily explaining the observed phase equilibria
in polymer multicomponent systems. This development has been successful to an extent;
however, anomalies and inaccuracies still persist. Several references [1,2] give a detailed
account of the theory of polymer solution and blend thermodynamics.
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A sub class of polymer blends wherein the compatibilization of the blend
components leads to very fine (sub-micron) dispersions in the blend is classified as a
polymer alloy [2]. The compatibilization may be due to the inherent nature of the
components or may be induced by the addition of a third, compatibilizing, component
There are various direct and indirect methods to determine the miscibility of a
polymer pair. Quite often, the miscibility of any polymer pair is dependent on the method
used to determine its miscibility. As a result, in the literature one finds conflicting reports
on "miscibility" of a given polymer/polymer blend. The most common way of determining
the miscibility of polymer blends is by measuring the glass transition temperature (fg) of
the blend. The presence of two distinct values for the T g of the blend is taken as the sign of
immiscibility.
Rheology of Polymer Blends
Flow conditions imposed on the polymer blend during the processing step
determine, to a large extent, the morphology and the final properties of the product. Study
of the rheology of polymer blends is thus important to achieve optimum properties from a
polymer blend. The rheology of polymer blends can be studied at two levels. The
macrorheological level involves measurement of the rheological properties of the blend
itself, such as the viscosity and the normal stresses. The microrheological level
concentrates on the detailed motions of the individual particles themselves. The rheology
of polymer blends is very complex and is affected by a host of independent variables.
Understanding of polymer blend rheology is made simpler by approaching the subject from
the perspective of known systems. Different physical models can be used to model the
flow behavior of polymer blends: miscible blends are generally modeled as low molecular
weight of polymeric mixtures ; immiscible blends, on the other hand, can be modeled either
as emulsions or suspensions.
Two dimensionless quantities are seen to strongly affect the rheology of a polymer
blend: the viscosity ratio, A= T\dispersecil'Tlmatrix, and the capillary number, K = od/v,
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which is the ratio of rheological forces to interfacial forces where cr is the stress on the
dispersed phase, d the initial size of the dispersed phase, and v is the interfacial tension
coefficient.
Droplet Deformation in Polymer Blends
In a mixture of the melt of two immiscible polymers, one of the polymers disperses

itself in the other in the form of spherical droplets. In the melt processing step, the strains
resulting from the flow of the melt result in the deformation and breakup of the dispersed
droplets. The final morphology of the blend depends on the deformation and breakup of
the dispersed droplets.
The development of morphology in two phase liquid/liquid systems, emulsions and
blends, has been a subject of extensive theoretical and experimental study for over 100
years. All the droplet deformation theories are usually limited to those instances for which
the volume fraction of the dispersed phase, <!>d , is below the level where co-continuity of
phases becomes important, i.e., below a certain volume of the added phase, estimated as
being equal to 15.8 % volume[5]. Hence, droplet deformation theories hold when <j>d < <l>i,

=0.158, where q>p is the volume fraction of the dispersed phase at the

ercolation

--

threshold. The percolation threshold is defined as the point where the volume of the
dispersed phase increases to an extent where the dispersed phase can form a continuous
path inside the matrix polymer.
In immiscible blends there is a range of concentration within which the role of the

two liquids inverts, i.e., the dispersed one becomes continuous and vice versa. This is
usually seen at the two ends of blend composition. When the blend composition is
intermediate, the higher viscosity component usually forms the continuous phase and when
the viscosities of the two phases are not significantly different, a co-continuous
morphology is observed [12] . Elasticity of the components also plays a role in
determining the drop morphology of the blend [5].
("\

I

v
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Deformation and Breakup in a Newtonian Liquid System
Droplet deformation and breakup was first studied for the case for a Newtonian
droplet suspended in a Newtonian fluid. When a neutrally buoyant, initially spherical
droplet is suspended in another liquid and subjected to shear or extensional stresses, it
deforms and then breaks up into smaller droplets [5]. In early work [27, 29], it was
observed that at low deformation rates in both shear and extension, the sphere deforms into
a spheroid (Figure 8).
As shown below, the degree of deformation in steady uniform shearing flow can be
expressed by means of the two dimensionless parameters, introduced previously, the
capillary number
K

= crd/v12,

(3.1)

and the viscosity ratio,
(3.2)

'A.= Tlillm.

Equation 3.1 indicates that the larger the interfacial force relative to the viscous force, the
smaller the degree of deformation. A number of researchers carried out theoretical and
experimental work on droplet deformation in Newtonian systems and it was confirmed that
at low deformations,

K

is the controlling parameter and is directly related to droplet

deformation. Thus, the deformation of the droplet under low stresses results from
balancing the interfacial tension forces (which tend to keep the droplet spherical) with the
viscous forces (which tend to elongate the droplets) [5]. When the interfacial forces can no
longer balance the viscous forces, the droplet becomes unstable and bursts. The parameter
describing the critical condition of breakup is the critical capillary number Kcrit- The value
of Kent depends on the.viscosity ratio and the type of imposed flow .
It is observed that for A> 3.8, the value of Kent is quite different in shear and
elongational flows. For A> 3.8 in simple shear, the viscous drops assume slightly
deformed shapes which remain unaffected by further increase in shear rates, while in
elongational flows, burst occurs even at low strain rates [5]. It is seen that in elongational
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flow the critical capillary number is much less dependent on viscosity ratio as compared to
shear flow. Elongational flow is thus described as being more efficient than shear flow in
droplet defonnation and breakup.
Taylor [27] obtained expressions for the defonnability D of the droplet for low
strain conditions. He also obtained an expression for the resultant orientation angle a of
the major axis of the spheroid. The defonnability D is expressed in tenns of the lengths
and breadths of the defonned ellipsoid (Figure 8),
D

= (L-B)
(L + B)'

(3.3)

where L is the length and B is the breadth of the defonned ellipsoid. He utilized the
equations for creeping flow of viscous liquids and proceeded to evaluate the velocity and
pressure fields inside and outside the droplet. The calculation of the balance between the
hydrodynamic stress and the interfacial stresses allowed him to calculate the evolution of
droplet defonnation.
The following expressions were obtained for two cases:
1. When the flow is weak, K << 1, the distortion is limited by the strong

surface tension and,
16
9
D = ( K)[(l A. + )] and a= n/4.
2 (16)..+16)
2. For the case where the flow is strong and interfacial tension can no
longer dominate,
D = 5K/8 and a= 1t/2.

(3.4)

(3.5)

37
y

y

X

Figure 8. Effect of different strain fields on droplet deformation
(a) Simple shear flow
(b) Hyperbolic elongational flow
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It should be noted that for the interfacial-dorninated case, Taylor showed that the
droplet would defonn into a spheroid with its major axis at an angle of 45° to the flow. For
the viscous-dominated case the droplet defonns into a spheroid with the major axis in the
direction of flow. Taylor predicted in both cases that breakup will occur at D > Dent=
0.5. Cox [28], by extending Taylor's analysis to describe the case where both interfacial
forces as well as viscous forces are high, obtained
D = (K)[(19A + 16) I (16A + 16)]
2
2
((19AK / 40) + 1)112
and,

a= n/4 + 0.5tan-1(19AK/20).

(3.6)

All of the above equations are valid only for Newtonian systems undergoing small
defonnations. Experimental observations have confinned that both A and K control the
defonnability and breakup of Newtonian drops (Figure 9).
One mode of droplet breakup was defined as when the interfacial forces can no
longer balance the viscous forces, i.e., when the capillary number exceeds the critical
capillary number. Another mode of droplet breakup is that due to the disintegration of a
liquid thread. The extensibility of a drop into a long thread is controlled by the viscosity
ratio. Low viscosity ratios are favor high extensions.
When the liquid drop is stretched during flow into a long cylinder, distortions
appear in the radius of the extended cylinder due to interfacial surface tension.When the
amplitude of these distortions exceed the radius of the thread, it disintegrates into individual
drops .
The phenomenon of the breakup of these long threads into individual drops has
been studied quantitatively. Tomokita [11] considered a long cylindrical column of a
viscous liquid subjected to a sinusoidal disturbance. He took the axis of the column as the
vertical axis and assumed the sinusoidal disturbance symmetrical about it

39

4
3

N

2

Shear

.......,,

"'u 1

~

tn

0

0

.....

-1

-2
-5

Eb,gatian

-4

-3

-2

0
logi-.

-1

1

2

3

4

Figure 9. Comparison of effect of viscosity ratios on critical capillary number in shear
and elongational flows
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He showed that the degree of instability of this column can be described by the
growth rate of the imposed sinusoidal distortion. He expressed this growth rate function q
as ,
(3.7)
where, Q(A, A) is an empirically tabulated function.A is the distortion wavelength, Ais the
viscosity ratio, V12 is the interfacial tension and llm is the matrix phase viscosity. Ro is
obtained from the geometry of the imposed distortion and is defined as R = 0.81Ro, where
R is the radius of the cylinder. The reason for the use of Ro in eq. 3.7, is however, not

very clear. Using the fact that breakup of the liquid column occurs when the amplitude of
the growing distortion equals the radius of the column, Tomokita obtained equations
describing time required for breakup, tb.
Thus, tb and K"crit are two important parameters describing the breakup process: 1e >
K"crit is required for breakup, provided t > tb. Experimental studies have demonstrated that

the breakup process begins at t = lb and is gradual and it leads to distribution of droplet
sizes.

An empirical formula for a dimensionless value of the breakup time, lb* is
expressed as
tb * = 841°345 (k/k:cn1)

-

0.559 [5].

(3 .8)

Many experimental studies have been carried out to find the dependency of K"crit on A. In a
simple shear flow it is seen that droplets are easiest to break when the viscosity ratio is
within the range 0.3 <A< 1.5. Droplets are broken up at much higher values of A in
elongational flows. One reason for this difference is attributed to the absence of vorticity
(refer to chapter II) in elongational flows [5].
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Effect of Viscoelasticity
During compounding and processing, molten polymers are almost always
viscoelastic. Hence, the shape of the droplets is detennined not only by viscous forces but
also by the pressure distribution around the droplet arising from elasticity. Thus, the
characteristics of drop defonnation and breakup can be quite different in a viscoelastic
system as compared to a Newtonian system.
There have been few studies on droplet defonnation in viscoelastic systems. The
problem involves three dimensional free surfaces and non stationary flow leading to
complex constitutive equations. There is no single theory capable of describing the
defonnability of droplets in a viscoelastic medium. However, in most experiments the
elasticity was seen to be a stabilizing factor [2]. This means that the droplets in a
viscoelastic medium are harder to break up relative to droplets suspended in a simple
viscous medium . This would imply that the existing theory for Newtonian systems will
tend to overestimate defonnation in a polymer blend system.
Droplet Coalescence
During mixing, the dispersed phase progressively breaks down until a minimum
drop diameter is reached. As the diameter decreases, drop breakup becomes more and
more difficult. Experimental studies have shown that the final particle size is usually larger
than predicted for polymer systems [2]. The deviation further increases with increasing
values of the volume fraction, <l>dThis apparent coalescence is seen to be accelerated by the same factors that favor
drop breakup (e.g. higher shear rates, reduced dispersed phase viscosity). Drop collisions
can lead to coalescence. These collisions occur not only in flow but also in quiescent
systems. The collisions are caused by Brownian motion, dynamics of concentration
fluctuation, etc. The rheological properties of the two phases and the flow field used in
blending were reported to greatly influence the process [2]. The effect of coalescence is
significant when the concentration of the dispersed phase increases beyond the percolation
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value, although coalescence has been reported even at very low concentrations of the
dispersed phase [2].
Theories of Large Deformations
The theories of droplet deformation derived in the early stages of research were
restricted to very small deformations which would produce a small deviation from
sphericity of the original droplet. To explain the case in which the droplet extends into a
long thin cylinder, Taylor in 1964 used slender body mechanics theory to derive equations
representing large deformations. The analysis was appropriate for low viscosity drops at
high shear rates, i.e. , for 'A. - 0 and K'.-> 00 • The derivation was originally done for the
deformation of a gas bubble suspended in a liquid. The viscosity ratio for such a system
approaches zero. The early thinking on droplet deformation was clearly that there could be
no sustainable large deformation for any liquid-liquid mixture. Before the droplet in suchia,
mixture could attain any significant amount of deformation, the droplet will disintegrate into
smaller droplets. Large deformations can only be possible for a mixture with a negligible
viscosity ratio.

In the processing of polymer blends, viscosity ratios are never insignificant, the
strain levels in the processing equipment are high and yet fibrillation has been reported
implying large deformations [2,3,4]. The existing theory quite clearly does not account for
such phenomena.
Affine Deformation in Polymer Processini:
Recently, closer investigation of the phenomenon of fibrillation in the processing of
polymer blends [37] revealed that subjecting two phase fluids to a flow field with a strength
much greater than the strength predicted to break the dispersed phase, did not break up the
droplets but resulted in the affine deformation of the dispersed phase. This theory of affine
deformation suited the flow conditions in polymer processing with its high strain levels and
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significant viscosity ratios. Affine deformation helped explain the large deformations
observed during the processing of polymer blends.
In the foregoing review of the basic principles regarding droplet deformation, the
critical capillary number, K°crih can be used to determine whether drop deformation will lead
to an equilibrium shape or to disintegration into smaller droplets. Drop deformation and
breakup depend on the reduced capillary number K* = KIKcnt, defined as the ratio of the
capillary number to the critical capillary number. Depending upon K*, in both shear and
elongation the drops will either deform or break according to the following[6] :
For

0.1 > K*

droplets do not deform .

For

0.1 < K* < 1 droplets deform, but they do not break.

For

1 < K* < 4

droplet deform, if conditions are satisfied they break.

For

K* >4

droplets deform affinely with the rest of the matrix
and extended into long stable filaments.

The value of the critical capillary number Kent, depends upon the viscosity ratio, A.
For elongational flows, Kcrit can be calculated from the empirical equation [29]:
log(Kcrit/2) = -.64853 - .02442 log)..+ .02221 (log)..)2 .00056/(logl - .00645) .

(3.10)

For K* > 4, the drop deforms affinely with the matrix into a long fibril. When the
deforming stress subsequently decreases, causing the reduced capillary number to fall
below four, the fiber disintegrates under the influence of capillary instability. It is
conjectured that as the fiber diameter decreases into the sub-micron range, the breakup of
fibers becomes almost instantaneous in a quiescent, i.e., flow free, stage [3]. Therefore,
when the fiber diameter falls below a certain critical diameter, the fiber will break
independently of the K* value. When a cylindrical fiber disintegrates under the influence of
capillary instability, the resulting droplets have diameters about twice as large as that of the
fiber diameters [11].
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Conclusions on the Droplet Deformation Theories
To summarize, the following conclusions on the process of droplet deformation in
polymer blends can be drawn:
1. The viscosity and elasticity ratios, dynamic interfacial tension coefficient,
critical capillary number, blend composition and flow field and its intensity
all influence the drop size.
2. In Newtonian fluid systems subjected to a simple shear field, drop breakup
is the easiest when the viscosity ratio falls within the range of 0.3 <A< 1.5.
Drops with A > 3.8 cannot be broken in shear.
3. Droplet breakup is easier in the elongational flow field than in the shear
flow field. The relative efficiency of the elongational flow field to the shear
flow field dramatically increases for A> 3.
4. Drop deformation and breakup in viscoelastic systems seems to be more
difficult than that observed for Newtonian fluids.
5. When the concentration of the dispersed phase exceeds the critical value of
the percolation threshold, <!>d > q>p = 0.158, the effect of coalescence must
be taken into account.
6. Most of the existing theoretical predictions of droplet deformation and
breakup are limited to infinitely dilute, monodisperse, Newtonian systems.
7. When the capillary number is much greater than the critical capillary number,
the deformation of the dispersed phase is affine with the rest of the matrix.
Fiber Spinning of Polymer Blends
Spinning of fibers from immiscible polymer blends, despite being a question of
fundamental importance, has not been a subject of extensive research, with only a few
research papers having been published dealing directly with the subject .
Han and Kim [19] examined the elongational viscosity of two phase systems in
melt spinning. They correlated this to the observed spinnabilities. They conclude from
morphological examinations that a lower elongational viscosity coupled with enhanced
spinnablity is a result of different viscosity ratios. For a high density polyethylene (HDPE)
and polystyrene (PS) system, they observed that a lower viscosity ratio lead to better
spinnabilities. However, most of their results are in the relatively high concentration range

(above 25%) of dispersion; in such concentration ranges, the dispersed phase is not very
clearly identified as separate droplets, and droplet deformation effects therefore tend to be
ambiguous.
Brody [30] and Mills [31] have examined the spinning of melt blended polymers
for low levels of addition. They propose a lowering of orientation of the as-spun fiber, the
wind up speed suppression (WUSS) model. Mills indicates the introduction of shear in
elongational flow due to droplet deformation as being the cause of WUSS. Both authors
do acknowledge the presence of droplet deformation and the formation of fibrils but neither
propose any deformation models.
Shimizu, et al., in the book "High Speed Fiber Spinning" [32], report the formation
of long fibrils in the high speed spinning of a Polystyrene - Polypropylene blend. They
give a distribution of drop sizes in the final fiber and observe that it fits a log normal
distribution. No quantification of the deformation process was, however, attempted.
Moq,holoi:ical Investii:ation of Polymer Blends
The morphology of a polymer blend, as detailed earlier, can take on various forms
depending upon the thermodynamics of the system, the melt flow conditions, etc. The
most widely used method to determine blend morphology is microscopy. The choice of
microscopic technique (optical or electron) to be used depends upon the size of the domains
in the blend and the resolution required. Diffraction methods such as x-ray diffraction, and
neutron and light scattering can also be used to study certain features of the blend
morphology.
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Microscopy
The microscopic methods can be divided into three categories: optical or light
microscopy (OM), scanning electron microscopy (SEM) and transmission electron
microscopy (TEM).
Some of the attributes of each category are listed in Table II [2].

Table II. Comparison of microscopic methods

No.

Parameter

Units

OM

SEM

1EM

1

Ma~nification

(times) X

1 to 500

10 to 105

102 to 107

2

Resolution

nm

500 to 1000

5 to 10

0. 1 to 0.2

3

Field Depth

µm

-1

10 to 100

-1

4

Specimen

-----

solid/liquid

solid

solid

In most cases some mode of sample preparation has to be used: viz., staining,
swelling, fracturing or etching. In optical microscopy, staining is the preferred method of
phase distinguishment Etching and selective swelling are sometimes used to enhance
contrast, but these steps can introduce morphological changes in the blend and so are not
recommended.

In optical microscopy, the resolution is limited by the wavelength of the light
employed. Any object smaller than the wavelength of the light employed will cause very
little perturbation of the light beam and will not be resolved in the image. By using an
electron beam instead of light rays, much better resolution can be obtained. The
wavelength of electrons depend upon their velocity and a resolution of as little as 0.1 nm
can be obtained. This is many orders of magnitude higher than that can be obtained using
an optical microscope.
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An electron beam is obtained from a heated tungsten filament which is surrounded

by a metal cylinder [38]. The cylinder serves to shape the electron beam. A large voltage
is applied between the cathode (the tungsten filament) and the anode, this gives the
electrons their high velocity. A condenser lens is used to focus the beams on the specimen.
The imaging system of the electron microscope usually consists of three lenses, the
objective, intermediate and the projector lens. This gives three stages of magnification and
makes it possible to achieve high magnification in a reasonable amount of space. The
formation of the image in an electron microscope is due to scattering of electrons by the
molecules of the specimen and this scattering depends on the mass density.
SEM is the most popular method used for the morphological characterization of
polymer blends. The advantages of this technique include ease of sample preparation,
rapidity, accessible magnifications and a good depth of field. The disadvantage of this
technique is that it is a surface based technique and only features visible on the specimen
surface are characterized. In the SEM, the image is formed in a cathode-ray tube
synchronized with an electron probe as it scans the surface of the specimen. The resulting
signals are secondary and backscattered electrons. The SEM indirectly constructs a pattern
or map that is interpreted as the image of the object [38].
The TEM, on the other hand, is arranged much like an optical microscope, designed
for the examination of translucent specimens by the transmission of an electron beam
through the specimen. Electromagnets are used to deflect and focus the beams on the
object. Preparation of the specimen is an especially important part of operating the TEM.
The sample must be thin enough to transmit electrons, yet thick enough to show differential
absorption. The sample preparation required for the TEM is much more tedious and
exacting than for SEM. TEM has been widely used to study the morphological details of
polymer blend specimens [2]. TEM has a much better resolution compared to the SEM and
is not a surface based technique.
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One has to keep in mind numerous sources of possible errors and for the
introduction of artifacts in electron microscopy. In particular, metallization in SEM and
Os04 staining in TEM may introduce an artificial grain structure on the specimen. Serious
errors can be made in the case where the size of the deposit is comparable to the size of the
domains in the specimen [2].
Diffraction Methods
X-ray diffraction is another important tool for investigating blend morphology. The
method works through the interaction of electromagnetic radiation to give interference
effects with structures comparable in size to the wavelength of the radiation [2]. The
wavelengths of x-rays are comparable to interatomic distances in crystals. The information
obtained from scattering at wide angles describes the spatial arrangements of the atoms,
whereas low angle scattering is useful in detecting larger periodicities.
The principle of x-ray scattering can be extended to other sources of radiation such
as light and neutrons. Small angle x-ray scattering (SAXS) and small angle neutron
scattering (SANS), are being used with increasing frequency to study polymer blend
structure [2].

CHAPTER IV
EXPERIMENTAL

The experimental part of the work was divided into two stages. The first stage was
the development of a mathematical model describing droplet deformation during melt
spinning of polymer blends. The second stage was the experimental verification of the
developed model. This included the spinning of blend fibers under prescribed conditions
and the morphological analysis of the obtained fibers using scanning electron microscopy

(SEM) and image analysis techniques.

Materials
Two immiscible polymers, polypropylene and polystyrene were used in this study.
The polypropylene used was 35 melt index, PF653 from Himont Inc., the polystyrene was
a 12 melt index, Styron APR 615, from Dow Chemicals. In making the blend fibers for
droplet studies a 10% mixture of PP in PS was used. For spinnability studies, on the other
hand, a full range of compositions from Oto 100% was used. Compositions of 5% and
10%, of both polymers in each other were used to measure the impact of blending on
tensile properties. To gauge the impact of viscosity ratio on the droplet formation process,
two different polypropylenes were used. A 80 melt index from Himont Inc. and a 18 melt
index from Amoco were used at 10% additive levels in the Styron APR 615 polystyrene.

Methods
To develop a model describing droplet deformation in fiber spinning, one first has
to be able to simulate the temperature, strain rate, total strain and the axial velocity of the
matrix polymer at each point in the spin line. Then one may develop a simulation of droplet
deformation within this matrix.
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Numerical Simulation of Melt Spinning
Our simulation of the melt spinning process involved the simultaneous numerical
solution of the differential equations describing the temperature and radius profiles in the
melt spinning process [8] which may be written as,
dT
2-0tAh'(T-T 3 )
-=-------

dz

wcp

(4.1)

and
dA =-_Ee__A .
dz
WllE

(4.2)

In the above equations, T is the filament temperature, A is the filament cross sectional area,

z is the distance down the spin line from the spinneret face, 11E is the elongational viscosity,
h' is the coefficient of heat transfer, Fis spin line tension, W is the melt throughput and Ta
is temperature of the quench air. These equations are ordinary differential equations of the
first order and a numerical solution using the Runge-Kutta method [33] is most
appropriate. These equations were solved as an initial value problem, since the initial
values of temperature T0 and radius Ro are known. The initial value of the spin line tension
was not known a priori but was found using the Newton-Raphson iterative procedure.
Using this procedure, an initial value of F was assumed, calculations were carried out and a
comparison was made between the obtained radius and the value of actual radius calculated
from the melt throughput and draw down ratio. The value of the inital tension was adjusted
until it matched the calclulated radius value.
In the numerical method of solution for these equations, a value for the axial

oz was allocated. The solution then proceeded with the numerical
integration of the equations at each point of oz. The solution of the equations allowed us to

incremental interval

know the values of temperature and radius along the spin line.
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Using the mass conservation equation and Az from eq. 4.2,
(4.3)

W=pVzAz
we found the velocity at each point on the spin line.

Knowing the value of the axial increment interval 8z, the strain rate was found as
£

1

z=CYz+1-Vz)/8z = dVzfdz.

(4.4)

By computing the average velocity at each point,

Vavg· = (V z+l + V z)/2,

(4.5 )

and by using the axial increment interval size, the time at each point in the spin line was
computed as,
tz

= 8z/V avg.·

(4.6)

All the conditions used for the simulation process are listed in Table ill.
Melt Spinning Model Verification
Validation of the numerical model for melt spinning was achieved by the on-line
measurement of filament velocity. A Doppler laser velocimeter, discussed in Chapter II,
was used for the purpose of on-line measurement. The velocimeter was obtained from
T.S.I Inc., Minnesota. The velocimeter comprised a laser head, a signal analysis box and a
computer display monitor with a data acquisition and analysis software. The laser head
was mounted on a graduated tripod and the beams emanating from the head pointed
towards the spinning filament. The intersection of the two beams, which formed a bright
spot, was the point of velocity measurement and this spot was focused on the filament.
The velocity measurement was very sensitive to correct positioning of the intersection spot
and great care had to be taken to ensure that the spot was rightly focused on the filament. A
reading of filament velocity was taken at different points in the spin line.
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Table ill. Input data for melt spinning and droplet deformation simulation

Spinneret Diameter = 1.5 X 10-3 m
Melt flow rate = 1.238 x 104 kg/s
Ambient air temperature = 291.15 K
Spinning temperature= 515.15 K
PS density = 1040.0 kg/m3
PS specific heat= 1836.8 J/kg K
PS thermal conductivity= 0.128 W/m K
PS - PP blend interfacial tension at 230°C = 6 mN/m
Initial droplet diameter = 1 X 10-6 m
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Polystyrene was spun at conditions corresponding to those used in the numerical
simulation of the process, i.e., 25 rpm on the melt pump and 150 m/min on the take-up
with the pack temperature at 230°C. The constructional arrangement of the experimental
apparatus would not allow for access by the velocimeter to the melt exiting the spinneret,
thus the first reading of the on-line velocity could be taken only 1.3 cm from the face of the
spinneret.
A comparison was made between the measured filament velocity and that predicted
by the numerical simulation. Modifications in the computation model were made to fit the
measured velocity profile.
Droplet Deformation and Breakup
The deformation of a droplet suspended in the matrix polymer will depend on K* as
discussed previously. The capillary number, depending as it does on strain rate,
elongational viscosity and the droplet size, was calculated at each time step. Comparison of
this calculated capillary number with the critical capillary number was made and this
decided the suitable deformation or breakup condition.
For K* between 0.1 and 1.0, the deformation was calculated by the linear
deformation equation as suggested by Taylor (equations 3.4 and 3.5) and later modified by
Cox (Equation 3.6). In the region 0.1 < K* < 4, the kinetics of the breakup depended on
the viscosity ratio. The dimensionless breakup time is defined as [5]

lb*= lby'/K,

(4.7)

where lb is the time to break and y' is the strain rate. The droplet will not breakup if there
isn't enough time provided for breakup prior to solidification. Fork* > 4, affine
deformation of the droplets implied that the length of the deformed droplet could be
calculated by the exponential function for uniaxial deformation. If the droplet broke up,
then the analysis was repeated for the new diameter of the droplet. The process was
repeated until solidification. This model allowed us to obtain the size of the dispersed
phase under different process conditions in fiber spinning. We present a flow chart of the
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algorithm of the program in the model development in Figure 10. A complete listing of the
computer program based on the algorithm (Figure 10) is listed in the appendix.
Assumptions in the Development of the Model
1. Fluid flow is incompressible.
2. Radial temperature profile in melt spinning is negligible.
3. Dispersed phase volume is below percolation threshold (15.8% volume),
so drop coalescence is neglected. In addition, the dispersed phase does not
have a significant impact on the flow properties of the matrix polymer.
Equipment
A laboratory spinning line manufactured by Hills, Inc. was used in the
experiments. The spinning line comprises a one inch single screw extruder with a 30: 1 UD
ratio. The extruder exit pressure is controlled by tachofeedback utilizing a PID controller
from Dynisco®. The spin pack is fed by a single port gear pump. The pump drive is
inverter controlled with a speed range of 8 to 45 rpm.
The gear pump used was 0.297 cc/rev pump from Zenith pumps. The spinneret
had a single, 1.5 mm diameter hole with 2.5: 1 UD ratio. The temperature profile on the
extruder was set at 170/200/215/230/230 °C for all spinning trials.
The thread line further consists of a crossflow quench cabinet with a variable flow
rate, three independently driven heated godets and a Barmag SW4S take up winder.
In the present study only the first take-up roll was used to produce as-spun
filaments; A melt pump rpm of 25 was used to produce the sample filaments and, for the
initial study, a take-up roll speed of 150 m/min was used. The filament was wound
directly onto the roll.
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Experimental Conditions
in melt spinning (e.g., T, W,
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Figure 10. Illustration of steps in the modeling of polymer blend morphology
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Rheological characterization of the starting materials was achieved by using an
· Instron® capillary rheometer and a RDS® parallel plate rheometer. The viscosity on the
capillary rheometer was measured at shear rates in excess of 50 s- 1 reflecting conditions
present in the extrusion line. A capillary with diameter of 1.25 mm and a UD of 40 was
used in the rheometer. The measurements were taken over a range of temperatures, from
190°C to 240°C. The materials were tested without any blending. It was felt that
measurement of blend viscosities would be deceptive, as the flow geometry in the
rheometer did not reflect that in the extrusion line.
Measurement on the parallel plate rheometer was done primarily to obtain the
viscosity of the polymer at low shear rates and then extrapolated to achieve the zero-shear
rate viscosity. The zero-shear rate viscosity (Tlo) was used in place of the simple shear
Newtonian viscosity (Eq. 2.7) to calculate the elongational viscosity (TlE) of the polymer,
311 0

=11E , a relationship that has been shown to be valid at low elongational strain rates

[21].
Spinnability Testing
The critical draw down ratio, as defined below, was used as a measure of the
spinnability. Using the dimensions of the spinneret, the velocity of polymer melt exiting
the spinneret at any particular throughput rate was calculated. The throughput was
calculated knowing the gear pump size and speed. The ratio of the velocity of the take-up
roll to the velocity of the melt exiting the spinneret is the draw down ratio. The draw down
ratio at which the thread line fractures is known as the critical draw down ratio.
To calculate the critical draw down ratio, the melt pump was operated at a constant
speed of 47 rpm and the take-up roll speed was varied till the thread line fractured. This
procedure was repeated 3 - 4 times and for various compositions of the blend.
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Mowhological Characterization
To examine the morphology of the as-spun blend fiber, the fiber was freezefractured in liquid nitrogen. Freeze fracturing was performed by immersing the blend fiber
in a cup filled with liquid nitrogen and subsequently breaking the fiber. The immersion and
break was performed with the help of two pairs of forceps which were used bend the fiber
in the liquid nitrogen cup and cause it to break. Fracturing the specimen in liquid nitrogen
was presumed to ensure the preservation of the original morphology of the fiber.
The fractured surfaces were then examined in the scanning electron microscope
(SEM). The fiber samples were mounted on a metallic stub and were sputter coated with a
thin layer of gold before examination on the SEM. The SEM present in the electron

microscopy facility was from Japanese electron optical laboratory (JEOL) and its model
number was JSM - IC 848. An accelerating voltage of 15 KV was used on the SEM. The
electron micrograph obtained from the SEM was then scanned into an image analysis
system to measure the diameters of the dispersed phase present in the form of spherical
droplets or elongated fibrils .

Tensile Properties
Tensile properties of the blend fiber were examined on the Instron® model 1125. A gage
length of 4 in. (101.6 mm) and a crosshead speed of 100 mm/min was used for testing the
samples.

CHAP'IERV
RESULTS AND DISCUSSION
Melt Spinnini: Model: Development and Validation
The equations defining melt spinning were solved using the Runge-Kuna technique
[33]. A computer program written in FORTRAN 77 and was run on Sun® Spare 10
workstation. Initially, the solution used a value of the spin line heat transfer coefficient as
suggested by Kase,

8v

h'=4 73 10- (¼) [1+(-;-)
5

0.333

2]0.167

,

(4.1)

in which h' is the heat transfer coefficient, vis the filament velocity, Vy is the quench air
velocity and A is the filament area [8].
The velocity, radius and temperature profiles for polystyrene (PS) spinning were
obtained using the above relationship. To verify the accuracy of the numerical model, online measurement of filament velocity was accomplished as described in Chapter IV. The
on-line velocity measurement was compared with the numerically obtained profile (Figure
11). It was observed that the model accurately predicted the final value of the actual
velocity in the spin line, however, this value was obtained at a greater distance down the
spin line than was the measured value, placing the validity of the model in question. The
Kase-Matsuo model has been seen to be a reasonable representation of the spinning process
in many studies; however, George [22] reports the inadequacy of the model's value of the
heat transfer coefficient, stating that many researchers have found that this coefficient to be
at least 25% lower than actual values.
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The relationship for h' as proposed by Kase was developed from data for air
moving past a stationary heated wire at various angles. This configuration is only
approximately equivalent to that of a running spin line. George proposed a new

r·,

relationship for h' based on actual measurements on the spin line,

h' = 1.37. 10-4

(¾)·25·[1+ ( 8~y )'

(4.2)

This relationship, although of the same form as to that proposed by Kase, provides for a
larger value of h', primarily because of the value of the proportionality constant.
The relationship for h' proposed by George was used in the numerical model and
the comparison between actual spin line velocity values (Table IV) and the computed values
is seen in Figure 12 and computed profile is seen to fit the actual values quite well. Our
model is corroborated by using this new relationship for h'. Equation 4.2 for h' is used in

all subsequent operations of model development for droplet deformation.
Of significant importance to droplet deformation is the calculation of the strain rate
and temperature profiles in melt spinning. For a take-up speed of 150 m/min, the strain
rate in the spin line rises rapidly to a maximum value of about 75 s- 1 within 0.15 m from
the spinneret (Figure 13). This corresponds to the rapid decrease in the filament radius
value in the same region. The strain rate then drops down rapidly and as the filament
approaches solidification, decreases to zero. The average fiber temperature on the other
hand, shows an almost linear decrease with axial distance (Figure 14). The decrease is
continuous till the fiber reaches solidification temperature. In this case, the solidification
temperature is taken as the glass transition temperature of PS, which is 100°C. At this
point there is no more deformation (strain rate=O) and computation stops.
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Table N. Laser velocimeter data for the spinning of polystyrene single fiber at 150 m/min.

DISTANCE

AVG. VELOCITY

STANDARD

% COEFFICIENT

INCM

INM/S

DEVIATION

OF VARIATION

5

0.27

0.0171

5.3

10

0.503

0.0248

4.93

14

0.872

0.0277

3.17

19

1.638

0.0671

4.09

26

2.158

0.0634

2.93

32

2.427

0.099

4.07

40

2.449

0.119

4.9

47

2.472

0.121

4.9

52

2.501

0.122

5.2

57

2.507

0.082

3.2

66

2.5

0.079

3.16

71

2.503

0.063

2.5
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Rheolo&ical Characterization
Rheological characterization of the materials was done in two different geometries
and under two different shear rate regimes. The capillary rheometer results correspond to
the high shear rates present in the extruder and spin pack during the fiber extrusion
process. A parallel plate rheometer was used to obtain the zero-shear viscosity and its
temperature dependence, corresponding to the elongational behavior of the materials in the
spin line.
The graphs of viscosity vs. shear rate data, from the capillary rheometer, for the
blends that were used for the droplet deformation analysis, PP and PS, indicate that PS is
the more viscous of the two materials (Figures 15 &16). Viscosity ratio during extrusion is
less than 1 for the case where PS forms the major phase while it is greater than 1 for the
case when PP forms the major phase. A plot of viscosity vs. shear rate at the low shear
rates obtainable on the parallel plate rheometer, indicates only a weak dependence of
viscosity on shear rate as compared to the results of the capillary rheometer (Figures 17
and18).
The dependence of this low shear rate viscosity on temperature shows a differing
relationship for both the materials: the PP viscosity is not so temperature dependent as is
the PS viscosity (Figure 19). An empirical relationship between viscosity and temperature
is obtained from this data and is used in the development of our model for droplet
deformation. One denouement of the temperature dependence is that the viscosity ratio of
the blend is not constant in the spin line, as the temperature in the spin line drops, the
viscosity ratio changes. However, the change of viscosity ratio with respect to temperature
is essentially linear (Figure 20).
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Spinnability of the Blend
The spinnabilities of the blend are clearly different depending upon the nature of the
dispersed phase (Figure 21). The spinnability of pure PP is significantly higher than the
spinnability of pure PS. Upon the addition of either polymer to the other, the spinnability
of both of the polymers decreases. The decrease seems to be quite linear in either case over
the range of mixture concentrations used here. The rate of decrease in the case of PS added
to PP (i.e., PS is the dispersed phase) seems to be higher than when PP is added to PS
(i.e., PP is the dispersed phase). The viscosity ratio for the case where PS is the matrix
phase is less than 1 (PS being the more viscous phase). Whereas, the viscosity ratio is
greater than 1 for the case when PP forms the matrix phase. The difference observed in the
spinnailities could be due to the differences in the viscosity ratios of the two blends.
Droplet Deformation Model in Melt Spinnini::
Development and Validation
Utilizing the strain and temperature characteristics obtained from the modeling of
the melt spinning process, the droplet deformation of the dispersed phase was computed.
All the initial computational as well as experimental runs were performed with 10% PP in
PS, i.e., PP being the dispersed phase present as droplets. The initial droplet diameter in
the calculations is taken as 1 micron, which corresponds well with the actual average
measured droplet size of 0.963 microns. Computation of the droplet dimensions along the
spin line indicated a continuous decrease in the diameter of the droplet. The decrease in the
diameter of the droplet implies an extensional deformation which elongates the droplet into
a fibril: the decreasing diameter corresponds to an increasing fibril length (Figure 22 &
23). From the deformation computation figures, it is clear that for the given conditions
there is no droplet breakup. The droplets freeze in their elongated state before any surface
tension induced phenomenon can induce capillary failure. The PP droplets solidify at the
solidification temperature associated with PP (165°C), while the PS filament continues to
elongate until it reaches its glass transition temperature (100°C).
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There is no way to actually measure the decreasing droplet diameter on-line. To be able to
validate the droplet deformation model, the blend fibers were spun at different take-up
speeds, every other variable held constant, and the dispersed phase droplet size was
measured off line at the exit of the spinneret and after drawing on the take-up roll (Figures
24 & 25 and Table V). This was correlated to the computed values of droplet diameter.
The correlation appeared quite good, though the model did tend to slightly overestimate the
deformation values (Figure 26). The length of the fibrils makes it virtually impossible to
measure them on the image analysis system. The simulated relation of the fibril aspect ratio
with the take-up speed is given in Figure 27.
The derived model is restricted to the case of take-up speeds less than about 350
m/min. This limitation arises because of the assumption of Newtonian behavior of the
elongational viscosity of the melt. This is not valid at higher strain rates or faster take-up
speeds. Response of the elongational viscosities of polymer melts at higher strain rates is
not very clear as discussed in Chapter II and no defining relationship exists.
Two main process parameters, the strain rate and the time available for deformation
are responsible for droplet deformation in the spin line. The strain rate in the spin line
logically increases as a result of increasing take-up speed. The maximum strain rate
increases in a linear fashion with an increase in the take-up speed (Figure 28, page 85).
The time available for droplet deformation is the time required for either the droplet
or the matrix to solidify in the spin line resulting in no further deformation. If the droplet
solidifies before the matrix, the droplet will deform no further. On the other hand, if the
matrix solidifies before the droplet, the droplet will still not deform further as then it will be
suspended in a solidified matrix. So, the time available for droplet deformation depends on
the relative solidification temperatures of either phase and the time needed to reach those
temperatures in the spin line.
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Figure 24. Two SEM rnicrographs of the undrawn blend with 10% PP (PF653) in PS
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(a)

(b)

Figure 25. Micrographs of drawn blend sample, 10% PP in PS. (a)125 m/min (b)150 m/min
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Figures 25 (Continued) (c) 175 m/rnin (d) 200 m/rnin
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Figure 25. (Continued) (e) 225 m/min (f) 250 m/min
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Table V. Data of measured deformed droplet diameters at various speeds

SPEED (MPM).

A VG. DIA. (µm)

COEEFICIENT OF
VARIATION%

125

0.153

2.71

150

0.127

1.86

175

0.107

2.0

200

0.9

3.43

225

0.08

3.18

250

0.0674

2.29
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For the case in which PP forms the dispersed phase, the PP droplets will solidify
at about 165°C even though the PS matrix will continue to deform till its glass transition
temperature (about 100°C). The time available for droplet deformation decreases with
increasing take-up speeds (Figure 29, page 85). This decrease in time can be attributed to
changes in the thermodynamics of filament quenching which will change with different
take-up speeds when the melt throughput is held constant. An increase in take-up speed
means that the freeze point of the threadline moves closer to the spinneret.
The behavior of droplet deformation with respect to take-up speed (Figure 26)
seems to be a complex relationship of both parameters of strain rate and the deformation
time available.
The second point of the model validation was to gauge the model performance with
respect to spin temperature. For this experiment, the extrusion temperature was varied
keeping the melt throughput and the take-up speed constant. The model indicates that the
droplet diameter is not a strong function of spin temperature, especially in the operating
range of 210 - 230 °C. The measured values indicate similar behavior (Figure 30). Below
200°C the effect of spin temperature is drastic and the droplet deformation decreases to
nearly insignificant levels. A look at the effect of temperature on the two main process
parameters of strain rate and solidification time (Figures 31 and 32), indicates that strain
rate is not a significant function of temperature, whereas solidification times reduce
drastically with decreasing temperature. A reduction in solidification time with reduced
spin temperatures is self explanatory.
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Effect of Viscosity Ratio on Blend M011>holo~y
In a shear flow field, the ratio of the viscosity of the two polymeric phases plays an
important role in defining the extent of defonnation of the dispersed phase and also in
describing the critical stresses for droplet breakup. Other researchers have shown the role
of viscosity ratio in droplet defonnation during elongational flow of polymer blends to be
less important (3, 6]. According to Eq. 3.10, which corresponds to Figure 9, the
dependence of Kent on A is weak in elongational flow. As most of the flow in the spin line
is elongational, A can be expected to have a weak role in the droplet defonnation process
(Figure 33).
Even though the effect of viscosity ratio in the spin line may be negligible, it would
be hasty to dismiss the effect of viscosity ratio during melt spinning. Shear flow is the
predominant flow encountered by the polymer melt before it exits the spinneret and it is in
shear flow where the effect of viscosity ratio is significant. Viscosity ratio is thus bound to
have an impact on the development of morphology prior to the elongational flow field
encountered in the spin line.
To ascertain the effect of viscosity ratio, PP - PS blends with different viscosity
ratios were extruded. In these experiments, the viscosity of the dispersed phase (PP) was
changed by using different molecular weight materials (Figure 34). Whereas the major
phase (PS) was held constant . The morphology of the blend exiting the spinneret (Figure
35 - 36) shows distinct differences in the size of the dispersed phase. Thus, the effect of
viscosity ratio seems to be on the average initial droplet size (Table VI). The computed
effect of initial droplet size on the final morphology is shown in Figure 37. In general, the
smaller the initial droplet size, the smaller the final droplet diameter.
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Figure 35. SEM rnicrographs of two samples of the undrawn blend of 10% 80 MFI PP in PS
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Figure 36. SEM micro graphs of two samples of the undrawn blend 10% 18 MFI PP in PS
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Table VI. Droplet diameters for different viscosity ratios

Blend components

Viscosity ratio (A)

(A

=T'ldisi/Tlmatrix)

Average droplet diameter
(microns)

PS + 10% 35 MI PP

0.5

0.963

PS + 10% 80 MI PP

0.16

1.235

PS + 10% 18 MI PP

0.8

0.8

35 MI PP+ PS

2.0

1.875
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Another way of changing the viscosity ratio was to reverse the configuration of the
blend, PS being the dispersed phase in PP. This resulted in the viscosity ratio being
greater than one. A 10% blend of PS was used in the deformation studies. The effect of
the viscosity ratio was seen in the size of the dispersed phase droplets being significantly
larger for PS than when PP was the dispersed phase (Figure 38). Drawing of this blend on
the take-up roll at 150 m/min resulted in the deformation of the droplet to long fibrils as
seen in Figure 39, further corroborating the fact that viscosity ratio is not a significant
factor in morphology development in the spin line. During spinning of the blend with PS
as the dispersed phase, melt throughput conditions similar to those used for the earlier
blend were not possible: higher heat content of the PP matrix vis-a-vis the PS matrix made
it difficult to quench the sample at high throughputs. Hence, lower melt throughput rates
had to be used.

In contrast to the PP fibrils (Figure 25), the PS fibrils appear to be straighter in the
micrographs. The reason that PP fibrils appear almost like a fibrous network rather than
being oriented in the uniaxial direction, as was observed for PS, can be attributed to the fact
that on fracture the fibrils sticking out of the fiber surface simply fall down on the surface
and appear randomly dispersed. On the other hand, the straightness of the PS fibrils
testifies to the higher bending rigidity of these PS fibrils .

._•

.

-0
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Figure 38. SEM micrographs of two samples of undrawn blend PS in PP matrix at 210°C
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Figure 39. SEM micro graphs of PS fibrils in PP matrix spun at 2 l 0°C and 150 m/min
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Fiber Tensile Properties
The measurements of the tensile properties of the filament were done primarily to
determine the effect of the addition of a second phase on the tensile modulus. Owing to the
fact that these filaments were not fully drawn, measurement of other tensile properties
would be moot. Our study of the tensile properties was not of an exhaustive nature but
done merely as an indication of the value of future work.
The tensile modulus of the blended samples was higher than that of pure PS at the
lower spinning speeds (Figure 40). This implies that the dispersed phase present in the
form of elongated fibrils helps in reinforcing the PS filament. This reinforcement is
especially apparent at the low speeds where the matrix phase does not show any substantial
orientation. However, at speeds above 300 m/min, spin line tension is high enough to
induce some orientation in the matrix phase and the effect of the presence of the fibrils is
not very evident.
In the case where PP forms the major phase, the overall tensile modulus was lower
as compared to the PS major phase fibers. With addition of PS to PP the modulus at low
speeds seemed to have increased slightly. This increase was however, ambiguous at the
higher speeds (Figure 41 ). Investigators[39] have reported a significant increase in the
modulus of PP by the addition of small amounts of a liquid crystalline polymer (LCP).
The presence of one phase as oriented fibrils should mean an improvement in the tensile
modulus, although that does not seem very obvious in the case of this PP-PS blend. More
in-depth investigation into the process of fibrillar reinforcement needs to be done to
ascertain the right conditions for an improvement in the tensile modulus.

99

35

i?

32 .5

C:

<)

--

--0

30

~

PS

········<>········

5% pp

O l)
<JJ

::,

"3
--0
0

~

27 .5

0

10% pp

* Maximum standard deviation in
data recorded as 3.836%

25

0
0

0
0
N

0
0
tf')

0
0
-.:t"

0
0

0

tr)

\0

0

Take up m/min

Figure 40. Tensile modulus variation with blend levels (PP in PS)

100

30-r--------------------.
i

25

~
"O
0

'

----········

-········1·················:··········· _:.J.>/ __ 9

~

"'
:::,
3

:

20

i

~

~
....:::
15

i,. /:::) -------·- .

;e,t:./ ---r--- 1······································

---0-

Modulus (PP)

········O·· .. ····

Modulus (5PS)

0

Modulus ( I OPS)

* Maximum standard deviation in
data recorded as 5.672%

10-+-----------------~
0
0

0

0

0
N

0
.....

0
0
-st-

0

0

0
0

I/)

\0

Speed (m/min)

Figure 41. Tensile modulus variation with blend levels (PS in PP)

CHAPTER VI
CONCLUSIONS

The primary objective of this work was to study, through simulation and
experimentation, structure development in fibers melt spun from blends of immiscible
polymers. The goal of the investigation was to clarify the role of selected process and
material parameters on the final morphology of a blend fiber. A two pronged approach was
used in this study: a mathematical model was developed that elucidated the structure
formation process and predicted the final morphology, and actual fibers were manufactured
from the polymer blends so as to study the practical process and validate the developed
model.
Both the theoretical and practical work involved concentrations of less than 15% of
the additive polymer. This was done to ensure clear phase demarcation, because under
such concentration levels it was seen that the additive polymer existed as the dispersed
phase suspended as spherical or elongated droplets in the base polymer also known as the
matrix or continuous phase. We characterized the morphology of the polymer blend in
terms of the dimensions of the dispersed phase. The dimensions were given by the
diameter and the aspect ratio of the dispersed phase. The final dimensions of the dispersed
phase in the fiber represented its degree of deformation from the initial state, in this case,
from the point of exit from the spinneret.
The model development for the process of dispersed phase deformation in fiber
spinning entailed formation of a bridge between existing numerical models describing fiber
spinning and those describing droplet deformation. The model was developed for the case
where polypropylene (PP) was added to polystyrene (PS). We developed a melt spinning
model for the spinning of PS. This model was validated using on-line velocity
measurements on the spinning filament. The melt spinning model provided us with the
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stress and temperature characteristics in the spin line, and this enabled us to calculate the
droplet deformation in the spin line by the application of these stresses and temperatures.
The previous droplet deformation models calculated deformation at a fixed stress level and
at a constant temperature. In melt spinning, both the stress and the temperature vary along
the length of the spin line which demanded of our model a constant recalculation of the
shape of the droplet at each point in the spin line in our model. The final model thus
enabled us to predict the size and shape of the dispersed phase during the process of fiber
formation. The typical results that we obtained from the computer program, encompassing
both melt spinning and droplet deformation models, related the diameter and the aspect ratio
of the dispersed phase to the process or material variable that we changed.
Experiments on the actual manufacture of polymer blend fibers were performed on
our pilot scale melt spinning line. Electron microscopy was conducted on the final form of
the blend fiber, so as to be able to measure the size of the dispersed phase. Comparisons
between the actual measured values of the dispersed phase diameter and those obtained
from the theoretical simulations, indicated that the theoretical model accurately represented
the structure formation process.
Examination of the blend morphology indicated that under appropriate conditions,
the droplets present in the matrix were elongated to long fibrils. This phenomenon was
predicted by the computer model which indicated a high value for the final aspect ratio of
the dispersed phase. Both in the theoretical modeling and morphological investigation
droplet breakup was not observed. It is thus evident that for the system under
investigation, the polypropylene fibrils solidify in the threadline before capillary instabilities
can induce breakup.
To examine the effect of different variables, we produced fibers by changing takeup speed, spinning temperature and blend viscosity ratio. With an increase in take-up
speed, it was found that the final diameter of the droplet decreased. A decrease in spinning
temperature resulted in a decrease in the final diameter.
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Both the cases were examined by the computer model and by producing fibers under these
different conditions, the results of the computer model matched the actual measured results.
The model indicated no effect of the viscosity ratio on the morphology development in the
spin line, which we attributed to the weak dependence of droplet deformation in uniaxial
elongational flow. We examined the effect of viscosity ratio on morphology development
in the extruder, where shear flow predominates, and found that viscosity ratio has a
significant effect on the size and size distribution of the dispersed phase prior to the spin
line. In general, any deviation of viscosity ratio from 1 resulted in bigger droplet sizes and
wider distributions and this translated to a larger value of the final droplet diameter.
We closely examined the causes responsible for the differing behavior of droplet
deformation with different values of the process variables. We found that the main
parameters responsible for the deformation behavior are the strain rate in the spin line and
the time available for the deformation processes. It is clear that the final diameter of the
elongated droplet should depend on the maximum strain rate applied during the process.
With an increase in the take-up speed there was a corresponding linear increase in the
maximum strain rate. However, the droplet diameter did not decrease linearly with the
increase in take-up speed. This dissonance can be attributed to the fact that with an increase
in take-up speed, at a constant melt throughput, the thermodynamics of the heat transfer in
the spin line reduce the time available for the deformation processes. Since the polymer
solidification temperature in the spin line is nominally constant, the increase in take-up
speed is equivalent to a decrease in the solidification time. Therefore, the rate of increase
in the maximum applied strain rate associated with increasing take-up speeds did not
directly correspond to the rate of decrease in the final droplet diameter. The effect of any
other process variable is a reflection of the effect of that process variable on both the
maximum strain rate in the spin line and the time available for deformation. The effect on
the size of the dispersed phase itself is a complex combined function of the effect on the
two main parameters.

104

A comparison between the measured and predicted values of the final droplet diameters
showed that our model tended to overestimate the deformation. One explanation for this
could be the fact that the process of strain induced crystallization is not taken into account in
the model. Strain induced crystallization of the PP fibrils could lead to a higher melting
temperature of the fibrils in the spin line, thus delaying the onset of solidification beyond
that predicted by the model.
The viscosity ratio was also seen to play a role in determining the ability of the
blend to be drawn out into fibers. In the case where PS forms the minor phase, the
viscosity ratio is higher than when PP forms the minor phase; thus the size of the dispersed
phases is different for the two cases. The resulting spinnability of the two materials was
found to be different.
The effect of the addition of an immiscible polymer and its subsequent fibrillation in
the spin line was examined by studying the tensile properties of the blend fiber. The
modulus of the fibers was found to have increased at the lower take-up speeds, this
increase was ambiguous at the higher take-up speeds. One of the reasons for this could be
that the reinforcing effect of the fibrils is more dominant at lower values of matrix
orientation.

CHAPTER VIl
RECOMMENDATIONS FOR FUTURE WORK

Even though the developed model corresponds well to actual measurements, there
are additional emphasis areas that may be addressed. The droplet deformation model we
developed is for a single droplet suspended in a matrix. In reality, the dispersed phase is
present in a distribution of sizes. Thus, an incorporation of statistics in the model that
addresses the issue of droplet distribution could be developed. Furthermore, the model
does not incorporate any effects of strain-induced crystallization of the droplets. The strain
on the droplets can reach very high levels due to their size. Strain-induced crystallization
can affect the temperatures of solidification in semi-crystalline polymers [2].
Our melt spinning model is only valid for low spinning speeds assuming a
Newtonian polymer viscosity. A relationship clearly describing the effect of strain rate on
elongational viscosity may be incorporated for an extension of the model into higher
speeds. The melt spinning model also does not take into account radial differences in
temperature across the spinning filament. A preliminary study done by TEM during the
initial phase of this project indicated a radial variation in the sizes of the dispersed phase.
Incorporation of radial temperature variation in the model could account for this effect.
A definitive conclusion could not be reached regarding the tensile property
enhancement as a result of the dispersed phase present in the form of microfibrils. A more
exhaustive study optimizing conditions for property enhancement is required. This study
was done using polypropylene and polystyrene as blend components. Different blend
components, in particular liquid crystalline polymers (LCPs), could be tried which may
result in better property enhancement with the model used to predict optimal conditions for
maximum fibrillation.

106
An interesting extension of this project could be to study the deformation of the dispersed
phase during the process of cold drawing, as opposed to the process of melt drawing.
Cold drawing would also help in achieving a fully drawn yam more amenable to the study
of tensile properties.

APPENDIX

C **** FOR1RAN 77 PROGRAM TO CALCULATE DROPLET DEFORMATION IN MELT
C **** SPINNING OF IMMISCIBLE POLYMER BLENDS.
C
C INITIAL DIMENSIONING OF RELEVANT ARRAYS. RX=FILAMENT RADIUS,
C Z=SPIN LINE DISTANCE, VEL=FILAMENT VELOCITY, SR=SPIN LINE STRAIN RATE,
C TME=TIME, SlRN=SPIN LINE STRAIN, BETAX=POLYMER MELT ELONGATIONAL
C VISCOSITY, CA=CAPILLARY NUMBER, CACRT=CRITICAL CAPILLARY NUMBER,
C DD= DROPLET DIAMETER, DLD=ELONGATED DROPLET LENGTH
DIMENSION RX(10000),Z(10000),THETAX(l0000)
DIMENSION VEL(10000),SR(10000),TME(10000),S1RN(l0000)
DIMENSION BETAX(lOOOO),CA(lOOOO),CACRT(lOOOO),CRT(lOOOO)
DIMENSION X(lOOOO),DLD(lOOOO),DD(lOOOO)
C
C
C
C
C
C
C

VALUES OF DIFFERENT MATERIAL AND PROCESS VARIABLES
CP=POLYMER SP. HEAT, F=SPIN LINE TENSION, RHO=POLYMER DENSITY
TSPIN=SPIN TEMPERATURE, W=POL YMER MELT THROUGHPUT, TA=QUENCH AIR
TEMP, DSPIN=SPINNERET DIAMETER, XK,XKO,XNUO=QUENCH AIR PHYSICAL
PROPERTIES, BINTTEN=BLEND INTERFACIAL TENSION
COMMON/LABEL/CP,F,RHO,TA,TSPIN,XK,XKO,XNUO,W
COMMON/LABELl/fHETAG
DATA CP,RHO,TG,XK/1838,1060,373.15,0.128/
DATA DSPIN,TA,TSPIN,W/1.5E-03,285.15,503.15,.125E-03/
DATA DELZ,NZ,F/.005,9500,.6E-01/
DATA BINTTEN/5E-03/

C
C CALCULATE THE PHYSICAL PROPERTIES OF AIR
C
XKO=(1.956E-04)*TA **0.85943
XMUO=( 4.41354E-05)*EXP(-260.256/TA)
RH00=353.13/TA
XNUO=XMUO/RHOO
C INITIAL VALUE OF MAXIMUM STRAIN RATE SET TO ZERO
SRMAX=0.0
C
C A DO LOOP FOR DIFFERENT TAKE-UP SPEEDS
DO 100 IS=l,29,3
VZF=0.5+(IS-1 )*0.16667
C CALCULATE THE FIBER RADIUS AT TAKE-UP AND THE DIMENSIONLESS TG
FINALR=SQRT(W/(3.1416*VZF*RHO))
THETAG=(TG-TA)/(TSPIN-TA)
C
C INITIALIZE THE DIMENSIONLESS TEMPERATURE AND RADIUS AND DEFINE
C AXIAL POSIDONS. INITIALIZE VALUES OF VELOCITY, TIME AND DROPLET
C DIAMETER.
THETAX(l)=l.0
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RX(l)=DSPIN/2.0
CONV=W*CP/(3.1416*XK)
VELOLD=4.0*(W/(RH0*3.1416*(DSPIN**2)))
TMEOLD=O
DDOLD=lE-06
DLDOLD=DDOLD
VOL=(4/3)*3.1416*(DDOLD**3)
DO 101=1,NZ
Z(l)=((DFLOAT(l)-1.0)*DELZ)*CONV

10
C
C ITERATIVE PROCEDURE TO CALCULATE THE RADIUS PROFILE. THE SPINLINE
C TENSION IS ADJUSTED TO FORCE THE PREDICTED FINAL FIBER RADIUS THE
C CORRECT FINAL VALUE "FINALR".
D040N=l,35
IFLAG=O
C CALCULATE THE AXIAL TEMPERATURE AND RADIUS PROFILE STEP BY STEP
C DOWN THE FIBER TO THE GLASS TRANSillON TEMPERATURE USING A 4TH .
C ORDER RUNGE-KUTTA PROCEDURE
D0201=2,NZ
CALL RUNGE(THETAX(l-l),RX(l-1),DELZ,THETAG,IFLAG
,THETAX(l),RX(I))
+
IF(IFLAG.EQ.1) GO TO 30
20
CONTINUE
WRITE(*,1006)
STOP
C
C TEST FOR CONVERGENCE
30
RTEST=(RX(l)-FINALR)/FINALR
IF(ABS(RTEST).LT.0.00001) GO TO 50
F=F+F*RTEST/2.0
40
CONTINUE
WRITE(*,1007)
C

50

NZETA=I
NPRINT=O
DO 80 1=1,NZETA
IF(I.EQ.1.0R.I.EQ.NZETA) GO TO 60
IF (NPRINT.LT.10) GO TO 70
60
TEMPX=(TSPIN-TA)*THETAX(I)+TA
C CALCULATE SPIN LINE VELOCITY, STRAIN RATE, STRAIN AND TIME.
VEL(l)=(W/(RH0*3.1416*(RX(l)**2)))
DV=VEL(l)-VELOLD
SR(l)=DV/DELZ
IF(SR(l).GT.SRMAX)
SRMAX=SR(I)
ELSE
ENDIF
IF(I.EQ.1) THEN
TME(l)=O
ELSE
TME(l)=2*(Z(l)-ZOLD)/(VEL(l)+VELOLD)
ENDIF
TME(l)=TME(I)+TMEOLD
STRN(l)=((DSPIN/2)-RX(l)/(DSPIN/2)
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C BETAXISPOLYMERMELTELONGATIONAL VISCOSITY
BETAX(I)=3.0*5.1052E-10*EXP(14520.8rrEMPX)
C
C
C CALCULATION OF DROPLET DEFORMATION IN SPIN LINE
C
C CAPILLARY NUMBER CALCULATION
C
IF(TEMPX.LE.448.15) GO TO 65
CA(l)=SR(l)*BETAX(l)*DDOLD/(BINTIEN)
VR=.0334
FVR=(19*VR+ 16)/(16*VR+16)
X(l)=(-0.64853-0.02442*LOG10(VR)+0.02221
+
*((LOG 10(VR))**2)
+
-(0.00056/(LOG 1O(VR)-0.00645)))
C
C CRITICAL CAPILLARY NUMBER CALCULATION AND COMPARISON WITH
OBTAINED
C CAPILLARY NUMBER TO ESTIMATE DROPLET DEFORMATION AND BREAKUP.
C
CACRT(I)=2* 1O**(X(I))
CRT(l)=CA(l)/CACRT(I)
IF (CRT(I).GE.4.0) THEN
DD(l)=DDOLD*EXP(-STRN (1)/2)
DLD(l)=DLDOLD*EXP(STRN(I))
ELSE
IF (CRT(I).GE.0.1.AND.CRT(I).LT.4.0) THEN
DD(l)=DDOLD/((l+CA(l)*FVR)**0.5)
DLD(l)=DLDOLD*(l +CA(l)*FVR)
ELSE
IF (CRT(I).LT.0.1) IBEN
DD(l)=DOOLD
DLD(l)=DLDOLD
ENDIF
ENDIF
ENDIF
C ARl=ASPECT RATIO OF ELONGATED DROPLET
ARl=DLD(l)/DD(I)
C
C OPTIONAL WRITE STATEMENTS FOR DIFFERENT OUTPUTS
c
WRITE(* ,1009) Z(I),TEMPX,RX(I)
c
WRITE(3,*) Z(I),SR(i), TME(I)
c
WRITE(*,*) z(l),TEMPX,DD(i),DLD(i)
DOOLD=DD(i)
DLOOLD=DLD(i)
C ESTIMATION OF SOLIDIFICATION TIME
65
IF (TEMPX.GT.448.15) IBEN
TMES=TME(I)
ELSE
ENDIF
VELOLD=VEL(I)
TMEOLD=TME(I)
ZOLD=Z(I)
NPRINT=O
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70
. 80

NPRINT=NPRINT+ 1
CONTINUE
TUS=VZF*60
C WRITE STATEMENT FOR VARIATION OF DROPLET DIAMETER AND DROPLET
C ASPECT RATIO WITH TAKE-UP SPEED
C
WRITE(*,*) TUS, DDOLD, ARI
100
CONTINUE
C
C
FORMAT STATEMENTS
C
1006 FORMAT('-',IOX,'******FIBER DID NOT SOLIDIFY*****',l,IOX
+
'****INCREASE NZ****')
1007 FORMAT(IOX,'****SOLUTION DID NOT CONVERGE****')
1008 FORMAT('l','RESULTS OF FIBER SPINNING:',l//,5X,
+
'NUMBER OF ITERATIONS=',l3,/,5X,
+
'NUMBER OF AXIAL INCREMENTS=',I5,/,5X,
+
'SPINLINE TENSION=',F12.8,'NEWTONS',/,5X
+
'ERROR IN FIBER RADIUS=',FI0.6,///,5X,
+
'DISTANCE FROM'/,5X,'SPINNERET (M)',5X,
+
'TEMPERATURE (K)',5X,'RADIUS (M)',I)
1009 FORMAT(' ',F16.9,F18.5,F18.9)
C
200
STOP
END
C
C

C
C SUBROUTINE RUNGE TO CALCULATE FILAMENT TEMPERATURE AND RADIUS
C VARIATION ALONG SPIN LINE
C
SUBROUTINE RUNGE(T0,R0,DELZ,THEATG,IFLAG,T,R)
COMMON/LABELI/IHETAG
TKI=DTDZ(T0,R0)
RKl=DRDZ(T0,R0)
TK2=DTDZ(T0+DELZ*TKI/2.0,R0+DELZ*RKI/2.0)
RK2=DRDZ(TO+DELZ*TK1/2.0,R0+DELZ*RK1/2.0)
TK3=DTDZ(TO+DELZ*TK2/2.0,R0+DELZ*RK2/2.0)
RK3=DRDZ(T0+DELZ*TK2/2.0,R0+DELZ*RK2/2.0)
TK4=DTDZ(TO+DELZ*TK3,R0+DELZ*RK3)
RK4=DRDZ(TO+DELZ*TK3,R0+DELZ*RK3)
T=T0+(DELZ/6.0)*(TKI +2.0*TK2+2.0*TK3+TK4)
R=R0+(DELZ/6.0)*(RKI +2.0*RK2+2.0*RK3+RK4)
IF (T.LE.THETAG) IFLAG=l
RETURN

END
C
C
C
C CALCULATION OF TEMPERATURE FUNCTION TO BE USED IN SUBROUTINE
C RUNGE
C
FUNCTION DTDZ(T,R)
COMMON/LABEL/CP,F,RHO,TA,TSPIN,XK,XKO,XNUO,W

111

+

AREA=3.1416*(R**2)
HBAR=2.5*0.21 *XKO*SQRT(3. l 4 l 6/AREA)*
(2.0*W/(SQRT(3.1416* AREA)*RHO*XNU0))**0.334
DTDZ=-(2.0*HBAR*R/XK)*T

RETURN
END

C
C
C
C CALCULATION OF RADIUS FUNCTION TO BE USED IN SUBROUTINE RUNGE
C
FUNCTION DRDZ(T,R)
COMMON/LABEUCP,F,RHO,TA,TSPIN,XK,XKO,XNUO,W
TDEGK=(TSPIN-TA)*T+TA
TDEGC=TDEGK-273.15
BETAX=3.0*5.1052E-IO*EXP(l4520.8/TDEGK)
DRDZ=-(F*RHO*CP/( 6.2834 *BETAX*XK) )*R

RETURN

END
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